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bottom drag scraper in exclusive feature of Koppers 
ors. It does away with conventional hoppers ind simplifies 


continuously 








Continuous dust removal 


is just one of the many advantages you get with 


Koppers-Elex Electrostatic Precipitators 


- ADDITION to high recovery rates, Koppers- precipitator at a uniform rate which simplifies 
lectrostatic precipitators offer you cor disposal or storage 
The Koppers exclusive drag Other features of Koppers-Elex precipitators in 
1 flat bottom replaces the clude separately energized multiple series fields 


f 


type hopper with its trouble o which provide maxanum collection of very fine 


d clogging. Dust is fed from the particles. This same feature protects your invest 


ment in still another way since the outage of one 


field does not halt the gas-cleaning action of the 





prec ipit itor 


lo get maximum recovery and effective nuisance 


PERFORMANCE GUARANTEED! 


estment in at cipitators. For the metallurgical field Koppers has 


ibatement, specify Koppers-Elex electrostatic pre 


two distinct designs: the dry dust precipitator for 
hearth, flash, fluidized roasters, etc. . and the 


wid mist precipitator for secondary cleaning 


IF YOU HAVE A GAS-CLEANING PROBLEM, 
write and outline the details for us to review. There 
is no obligation. Just address your letter to 
, N Korrers Company, Inc., Precipitator Dept., 361 
Scott St., Baltimore 3, Maryland 
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KOPPERS 
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Published to provide a continuing, authori 
tative, and up-to-date record of tech 
nological, engineering, and economic 
progress in all branches of the metols 
industry by the 
Metals Branch 
American Institute of Mining and 
Metallurgical Engineers, inc 
29 West 39th Street, New York 18 


The AIME Publishes 


\ (2) 
\ E ; 
COVER 


Jet engine accessories, such as fuel pumps, control mechanisms, and metering devices 
must work even at temperatures as low as —67 F. In the test pictured at Westinghouse 
Aviation Gas Turbine Div., Philadelphia, super-cold alcohol is circulating through the 
engine's fuel pump, which is installed in the windowed black cylinder in the center 
Crinkled aluminum foil, pressed in place by hand, is used to insulate the pipes that 
control the flow of fuel. Dry ice is being shoveled into a cold-chest containing a tank 
of fuel to be sent through the pump under test 


NEWS 

Journal of Metals Reporter New Products 
“Drift of Things” AIME News 
Employment Service Coming Events 
Meet the Authors Personals 


TECHNICAL FEATURES 

Hot-Workability of Stainless Steel Improved by Adding Cerium 
and Lanthanum 

Solid Solution Alloys of Mg with Li and In 


Refractory Coatings Upgrade Mild Steel 


TRANSACTIONS 
Work Hardening-Reannealing Cycle of Pure Silver 


Effect of Rare-Earth Metals on the Properties of Extruded 
Magnesium 

Preferred Orientation in Zirconium 

Grain Growth and Recrystallization Characteristics of Zirconium 


Chromium-Nickel Phase Diagram 

Free Energy of Formation of Cementite and the Solubility of 
Cementite in Austenite 

Habit Phenomenon in the Martensitic Transformation 


Metallographic Techniques for Austenite Grain Size of Steels in 
the As-Cast State 
Low Sulphur Steel from High Sulphur Raw Materials and Fuel 


Discussion—Extractive Metallurgy Div. 
Discussion—-!ron and Steel Div. 
Discussion—-Institute of Metals Div 
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THE MORGAN 


AIR EJECTOR | 


gives the draft you want 
quickly . . inexpensively 








You do not have to invest a fortune in 
foundations and stacks to exhaust gases 
from furnaces and boilers, or to discharge 


acid or other fumes. 


It has been proven many times that a 


Morgan Air Ejector will do the job better 


and at far less cost. | 3 NOW IT OPERATES 


Cool air is directed upward through the 
venturi throat, creating a powerful suc 
tion in the stack. Superheated gases, 
fumes, etc., are drawn out without pass 
ing through the fan. The gases are mixed 
with cool air and discharged at low tem 
perature to the atmosphere. 


Write us and let us explain in detail. 


MORGAN CONSTRUCTION CO. 
WORCESTER, MASSACHUSETTS 


ROLLING MILLS «© MORGOIL BEARINGS ¢ WIRE MACHINERY 
COMBUSTION CONTROL 7 PRODUCER GAS MACHINE 
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M. BALICKI 


M. Balicki (p. 981) was born in Po 
land, and was associated with Uni 
versity of Mining and Metallurgy at 
Cracow after his graduation. With 
the onset of war, he escaped from 
Cracow in 1939 and joined the Polish 
Army in France. With the fall of 
France, he managed to get to Eng- 
land, where he did research at Swan- 
sea University College, until recalled 
to London to act as professor of 
metallurgy for the Polish Board of 
Technical Studies. Now professor of 
metallurgical engineering at Poly 
technic Institute of Brooklyn, he 
holds membership in AIME, ASM, 
and numerous societies here and 
abroad. An ardent sportsman, he 
likes skiing, mountain climbing, row- 
ing, and won the 1938 championship 
of Poland in single and double sculls 


R. K. McGeary (p. 994) received his 
B.S. and M.S. degrees from Univer- 
sity of Pittsburgh. After graduation 
he started in the Westinghouse Elec- 
tric Corp. student training program, 
and is now senior scientist in the 
Atomic Power Div. He enjoys sports 
as a participant and as a spectator 


Darken (p. 1015) graduated 


rom Hamilton College and received 
iis Ph.D. degree from Yale Univer- 
sity. A physical chemist in the United 
States Steel Co. Research Laboratory 
he has contributed over a dozen pa 


L. S. 
f 
f 
" 
I 


pers to the Institute. Bowling and 
bridge are the hobbies of this mem- 
ber of AIME, ACS, N.Y. Academy of 
Sciences, and Sigma Xi 


L. S. DARKEN 


Meet THE AUTHORS 


R. W. GURRY 


R. W. Gurry (p. 1015) is associated 
with the Research Laboratory of 
United States Steel Co. of Kearney, 
N. J. He was awarded B.S. and Ph.D 
degrees by Union College and Yale 
University respectively. A member 
of ACS, his hobbies are music, gar 
dening, and sailing 


E. A. Loria (p. 1029), senior engineer 
at Carborundum Co., Niagara Falls, 
was formerly associated with Mellon 
Institute of Industrial Research and 
Carnegie-Illinois Steel Corp. This 
author of over 25 technical papers be 


longs to AIME, ASM, and AFS 


C. H. Bacon (p. 1031), born in Essex, 
England, was educated at Cambridge 
University Previously associated 
with Ford Motor Co. in England, he 
is now metallurgist, refractories tech- 
nologist, and openhearth furnace 
metallurgist for John Summers & 
Sons Ltd., Hawarden Bridge Steel 
works, Shotton, Chester, England 
Photography and sailing are the pas 
times of this member of the British 
Iron & Steel Inst., and Ceramic So- 
ciety 


F. L. Robertson (p. 1031) was born in 
Glasgow, Scotland, and graduated 
from Glasgow University. He has 
been connected with the Brown-Firth 
Research Laboratories, Steel Co. of 
Japan, Blochairn Steelworks, Shelton 
Iron, Coal, and Steel Co. Ltd., and is 
now steelmaking consultant to John 
Summers & Sons Ltd. He commanded 


C. H. BACON 





J. W. TILL 


the 52nd (Lowland) Div. Signals from 
1929 to 1934, and retired with the 
rank of Brevet Colonel 


J. W. Till (p. 1031) was born in Wed- 
nesbury, Staffs, England, and studied 
at Stafforshire County Technical Col- 
lege and London City Guild Institute 
Now technical assistant to steelmak- 
ing consultant, John Summers & Sons 
Ltd., he was formerly with Birchley 
Rolling Mills Ltd., Stewarts & Lloyds 
Ltd., and Cloverdale Steel Works, 
Scotland. A member of the British 
Iron & Steel Institute and Institution 
of Metallurgists, his hobbies are lit- 
erature, model making, social service 
and technical lecturing 


T. E. Leontis (p. 987) received M.E., 
M.S., and S.D. degrees from Stevens 
Institute of Technology and Carnegie 
Institute of Technology. He has been 
associated with Vanadium Corp. of 
America, Stevens and Carnegie Insti- 
tutes of Technology, Dow Chemical 
Co., and is now metallurgist for the 
AEC at a plant built under Dow 
Chemical Co. supervision. This mem- 
ber of AIME and ASM has been a 
previous contributor to Institute pub- 
lications 


V. Damiano (p. 1003), a graduate of 
the University of Pennsylvania, is re- 
search assistant and candidate for an 
M.S. degree at that school. A student 
associate of AIME, his hobbies are 
photography and golf 











PROFESSIONAL SERVICES 


Limited to AIME members, or to com 

panies that have at least one AIME 

member on their staffs. Rates $40 per 
year per inch. 








MAX STERN 
Consulting Engineer 


Mote 


150 Broadway New York 7, N. Y 








ENGINEERS 
CONSULTANTS 
METALLURGISTS 
Small Jobs Welcomed 
SAM TOUR & CO., INC. 
Laboratories and offices 


44 Trinity Place, New York 6, N. Y 


Testing—Certifying 
American Standards 
Testing Bureau, Inc 











R. S. DEAN LABORATORIES, INC. 


Consulting, Research Development 
Chemistry, Electrochemistry, & Metal- 
lurgy Laboratery Research on a 


Contract Basis 
5810—47TH AVENUE AP-2821 


RIVERDALE, MD. 











Lewis B. LINDEMUTH 
Consulting Engancer 


140 CEDAR STREET, NEW YORK 6.6. Y 


STEEL PRODUCT 


reearion ware 
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PIG CASTING MACHINES 


Ruggedly constructed for low-cost service, 
this machine is completely self-contained. 
If necessary it can be moved by crane and 
erected wherever needed. Once it is set in 
place, only an electrical connection is 
necessary for operation. Bailey Stationary 
Wheel design eliminates 80% of the mov- 
ing parts of the conventional type. Capac- 
ities, 3 tons per hour to 50 tons per hour. 
Lengths, 15 ft. to 100 ft. in multiples of 
5 ft. The standard Bailey machine for blast 
furnaces is made in lengths of 100 to 250 
feet as required. 





Service records of up to twenty years con- 
tinuous operation prove the soundness of 
Bailey Pug Mill design and construction. 
Types for either Dust Catcher or Sintering 
Plant service, single or double shaft, direct 
or rope drive. Bailey Pug Mills can be 
built to any required capacity. 


In addition to the equipment shown here, Bailey offers the following items: 
Cinder Notch Stopper + Blast Furnace Stove Checker — 


P Uy, at 
—. . 


AE oe a fag 
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to STEEL MILL 
OPERATIONS 





Recognized throughout the iron and steel 
producing industry for dependability and 
highest quality, Bailey equipment meets 
the vigorous requirements of many vital 
operations. Some of the principal items 
of Bailey equipment are shown on these MECHANICAL 


pages. TYPE 


Bailey Goggle Valves provide a 

‘ tight, positive seal for shutting off 

BAILEY . gas mains in emergencies or for 

feqeleicj a 3 VALVES repairs. They operate by a powerful 

clamping force which is applied 

equally at all points around the disc 

periphery. Regardless of time be- 

tween operations, they open or 

close instantly. Sizes from 6” to 
72"', totally enclosed if desired. 

















THERMAL 
EXPANSION TYPE The Bailey Thermal Expansion type Goggle 


Valve is operated by the linear expansion and 
contraction of the three sets of tubes spaced 
around the rigid steel flange. When steam is 
passed into the tubes, thermal expansion of the 
tubes frees the goggle plate. When the steam is 
removed, contraction closes the flanges against 
the goggle plate. Diameters of 36" to 120” 








WILLIAM M COMPANY 


1221 BANKSVILLE ROAD “eate* PITTSBURGH 16, PA 
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Ve cw Products 


New Products New Literature New Services 
For Further Information or Literature on any Product, Fill in the Coupon and Send to JOURNAL OF METALS 


Students are Requested to Apply Directly to Manufacturers for Bulletins and Information 


I—STRATOSPHERE CHAMBER: T! trato It is in production at North American Philips Co. and 

be! nd built b T ey } ring it employs a wide range vertical goniometer with a 

ires at all heig sweep radius of 170 mm. The unit operates at poten- 

res from 18 tials up to 50 kv peak and at current values up to 50 ma 
A perfect ai ol 

‘ linde rs located 7—INDUCTION FURNACE: A new 60-cycle induction 

required pres- furnace for heating nonferrous metals and some ap- 

12-ir plications of steel has been developed by Loftus En- 

reinforce- gineering Corp. The process involves a transformer 

that converts balanced 3-phase power into 2-phase 

operation. Two closely interlaced coils, leading off this 

2-phase line surround the billet and provide all the 

2—INDUSTRIAL GAMMA TUBE nl teel tube characteristics of uniformity and through penetration 

t r indust: control pro- of single phase heating 


j med 


J 


t yal 


pe illy designed f 
8—AUTOMATIC FEED ROUTER: An automatic, elec 
tronically controlled power feed router and skin mill 
has been introduced by Onsrud Machine Works, Inc 
A 39 hp motor supplies power for routing aluminum 
:—POWER BRUSHES: P : aes : tock of 1 in. or more in thickness. It also handles 
- = . : ne a ng kin milling of large aluminum pieces used to form 
YU Mfg. ¢ o> , a : wings. A 40 hp, 5400 rpm direct-driven liquid cooled 
: rif ’ . , notor provides all the power necessary for tough mill- 
ing work. Three table widths are available for routing 
or skin mill applications with bed lengths furnished in 
multiples of 15-ft sections plus 7 ft for conveyor 


9—WATERLESS HAND CLEANER: When rubbed into 
the skin, this cleaner turns to a liquid and loosens dirt 
grime, rubber cement, paint, etc. Manufactured by 
Boyer-Campbell Co., it contains a good solvent, buf- 
fered by emollient oils, petrolatum and soothing lano- 
lin to protect the skin 


10—AIR SCREW DRIVERS: A line of cushion clutch 
ir screw drivers in three sizes for general manufac- 
turing operations has been announced by Ingersoll- 
Rand. These screw drivers have adjustable exhaust 
deflectors permitting operators to direct the exhaust 
as desired. Thirty-eight sizes are available for all 

;s and capacities 


i—NYLON VALVE SEATS:S 


i supplied by tl 


} pre ire 


5—SUSPENSION ARM 


‘ 
} i spe 


11I—CONDENSIFIER: A device that removes water, 
oil, sludge, and other foreign materials from com- 
pressed air is a new development of Hankison Corp 
It combines in a single unit a dehydrating device, me- 
chanical filter and self-purging trap. It is recom- 
mended for purifying and dehydrating compressed air 
used in combustion and process control; in soaking pit, 
Journal of Metals November blast furnace and open hearth control; and in operating 
29 West 39th St boilers, and sand blast and laboratory equipment 

New York 18, N. Y 12—DESICCATOR: A new desiccator used effectively 
for storage of either hot or cold crucibles in a size 
range from No. 000 to 3, or of metallurgical, biological, 
and chemical samples up to 3x5% in. has been an- 
nounced by Bethlehem Apparatus Co., Inc 


13—CORROSION PREVENTION: A method of pre- 
venting rust and corrosion of metal parts in the pres- 
ence of air and moisture is provided by VPI crystals 
slightly volatile amine nitrite, it is now available 
rom Shell Oil Co. Being slightly volatile at atmos- 
pheric temperatures, VPI gives off vapors that are car- 
ried by convection and diffusion to all surfaces of the 
etal, where they condense to provide a thin protec- 
ive layer. It will also arrest corrosion at any advanced 
When using VPI, ventilation of the enclosure in 

h parts are stored should be kept to a minimum 

sure the maximum protection period, and the parts 

uld be no further than 2 ft from the VPI source 


6—FLUORE s;CENCE ANALYSIS UNIT: T! 


7 t fo 


t r 
itive ina 
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Free Literature 


20—EXPANSION JOINTS: New catalog containing 
over 78,000 possible combinations of bellows type ex- 
pansion joints has been published by Solar Aircraft Co 
These assemblies are manufactured in sizes from % in 
pipe size to 75 in. pipe size covering a complete line of 
pressures from vacuum to 1000 lb. They are fabricated 
from stainless steel and a variety of heat and corrosion- 


resisting alloys 


21—HYDRAULIC VALVES: Catalog 203 lists all stand 
ard hydraulic valves offered in industry Available 
rom Rivett Lathe & Grinder, In working drawings 
ind specifications are furnished for each model and 
size valve. Also described are 25 models of oil pilot 
valves for remote control of main 4-way valves 


‘ 


22—ANNIVERSARY BOOKLET: Booklet available 
from United Engineering & Foundry Co. highlights 
company’s progress during 50 years since organization 


and its position in the industry today 


23—POWER CONVERSION UNITS: Brochure on me 
tallic rectifier power conversion units is now obtain- 
ible from General Electric Co. Bulletin GEA-5658 
describes the features of the equipment, application 
and operation. A specification guide for GE dc power 
supplies and exciters is also included, as well as com- 
plete rating charts and dimensions 


24—POTENTIOMETERS: To describe design and con 
struction features of high-precision Wenner potenti- 
ometers, Leeds & Northrup Co. has issued a revised 
catalog. Low range instrument and high range are 
discussed and a li of recommended accessory 


equipment 


25—ELECTRONIC TUBE: Booklet devoted to indus 
trial electronic and special purpose tubes has been pub- 
lished by Milo Radio & Electronics Corp. Designed for 
industrial use, the booklet furnishes complete technical 
specifications on special purpose electronic tubes used 
in various industrial applications 


26—NICKEL ALLOYED CAST IRONS: Applications 
and comparative service data in many industrial fields 
are presented in 36-p bulletin from Internationa 
Nickel. High or low controlled expansion, magnetic or 
nonmagnetic properties and resistance to thermal shock 
add variety to its usefulness 


27—SOLENOID VALVES: Catalog 710, Hauck Mfg 
Co., describes solenoid valves for dependable shut-off 
on oil pressures up to 300 psi heavy grades as well as 
light fuel oils, oil temperatures up to 250°F and both 
UL and FM approval. The rotating cam feature pro 
vides a shearing and wiping action to clear away for 
eign particles in the oil and insure shut-off of oil with 
out leakage 


28—METAL FABRICATION: Booklet available from 
Electro Chemical Co. illustrates many of the precision 
parts turned out by the firm. Production of parts vary 
ing in size from miniature watch dial to panels a yard 
long, with draws up to 5 in. deep, is permitted with 
presses ranging from 5 to 600 tons 


29—LIQUID LEVEL CONTROLLERS: Specification 
sheet 412-2 issued by Minneapolis-Honeywell Regu- 
lator Co. covers internal float and external float cage 
liquid level controllers used to maintain liquid level 
in surge tanks, feedwater heaters, etc. The sheet gives 
pertinent specification data such as sizes, construction, 
materials, ratings, and complete dimensions for mount 


ing 


ELECTRIC MELTING 
FURNACE 


. as ever, the dependable furnace for the 
production of high-grade stainless, ailoy 
and rimming steels. 


Removable roof of new design now avail- 
able for the larger furnaces. 


AMERICAN BRIDGE COMPANY 
General Offices: Frick Building, Pittsburgh, Pa. 
Contracting Offices in New York, Philadelphia, Chicago 


San Francisco and other principal cities 
United States Steel Export Company, New York 


AMERICAN BRIDGE 


U N i 


ee a Tee a ae 
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Nletitelatel 
Research 


(A) 8-4 Booster Pump. Takes over 
at forepressures as high as 1 mm., 
handling large amounts of gas in 
range of | 40 microns. Suitable 
for evaporators, furnaces, and 
other vacuum systems requiring 
high capacity in this range 


(8) H-2-P Purifying Diffusion Pump. Over 
50 liters per second from 10-5 to 10° 
Operates against forepres- 
Blank-off 


mm. range 
sures as high as 0.300 mm 


2x10 mm 


(C) Gas Free High Purity Metals. Copper 
nickel, cobalt and iron. Special melts on 
request. Ingot weights up to 600 pounds 


(D) Alphetron*® Vacuum Gauge. Accurate 
gauging trom 10 mm. to 1 micron. A 
rugged metal ionization type instrument 
which can be adapted for recording, con- 
trolling, gas filling, and leak detection 


(E) 8-1 Booster Pump. A smal! pump de- 
signed for rotary exhaust equipment used 
in miniature and subminiature tube pro- 
duction. Useful where a small pump is 
required to quickly obtain pressures in 
the region of one micron 
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(F) Type 710 Ther pl 
Gauge Control. One instrument for sci- 
entice and industrial vacuum gauging 
Incorporates two thermocouple gauges 
(1 1000 microns) and one ionization 
gauge (10 mm. to 10 mm. Hg. 
range) in one control. Automatic input 
regulation and protective circuit. 


(G) Standard Vacuum Furnace. A versa- 
tile packaged unit to melt, pour, heat 
treat, degas, sinter, and anneal under 
high vacuum or controlled atmospheres. 
Temperatures up to 2000° C. 


(H) Vacuum Seals. For introducing mo- 
tion, power, or connecting gauges. 





(1) High Vacuum Valves. Available in sizes 
"to 16". Low rate of leak. 


(J) Vacuum Fusion Gas Analyzer. Analyzes 
metals and alloys, including titanium, for 
combined or dissolved oxygen, nitrogen, 
and hydrogen. 


(K) Type 701 Thermocouple Gauge 
Control. A light, portable instrument for 
vacuum testing in range 1 — 1000 mi- 
crons. Compact and rugged. 





| 
| 
| 


with a COMPLETE LINE of 
HIGH VACUUM EQUIPMENT 


You may be using one or two of our products 
without realizing that at this one source you 
have available such a full line of high vacuum 
equipment. 

You will find a unique quality in most of these 
products. They were created to “ideal’’ speci- 
fications drawn up by manufacturers who, in 
many cases, never dreamed we could fulfill their 
exacting requirements. The products are meet- 
ing these requirements day after day on pro- 
duction lines. 

Let us supply all your high vacuum equip- 
ment needs. You will gain the benefits of a 
single source of supply plus the high standards 
of performance designed into National Re- 
search products. Write us for further details. 
National Research Corporation, Memorial 
Drive, Cambridge, Mass. 


ws _ 
INDUSTRIAL RESEARCH — il ee METALLURGY 
‘ 





DENY DRATION 
DISTHLLATION COATING 
APPLIED PHYSICS 


PROCESS DEVELOPMENT —_ 
(L) H-16-P Purifying Diffusion Pump. men pomp tie — 
Over 10,000 CFM in 10°~° range. Suit- 


able f lotrons, commercial coating ° 
cade. aul cues equipment demanding N ‘e t | O a a | Re S e e} rc h 
high pumping speed. 

Corporation 


Seventy Memorial Drive, Cambridge, Massachusetts 


(M) Evaporators. Standard models from 
laboratory unit to high capacity tank 
type units. *Reg. U. S. Pat. OF 
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“Ebacrnoman Dalat 


A roe} of the Production. Properties, and Uses of Steels and Other Metals 


Published by Electro Metallurgical Company, a Division of Union Carbide and Carbon Corporation, 30 East 
42nd Street. New York 17, N. Y.+ In Canada: Electro Metallurgical Company of Canada. Limited, Welland, Ontario 





: 4 : grain of cast iron, and materially in 
OW Improves engineering creases its strength and hardness. More 
over, vanadium may be used in cast iron 


to replace at least part, if not all, of cer 


Steels and helps conserve critical alloys =! :<s%~ in shoe sup! 


Vanadium in Rimmed Steel 
An addition of approximately 1 |b. of 
In these critical times When many vanadium per ton of steel produces non 
my pesaser: camara » ae eke. “ aging characteristics in a rimmed steel 
eameee 6 ore ivant ‘e These non-aging propertie s togethe r 


j liur 10S 
stag = VERE Sheer oe with improved deep-drawing character 


caw fi 
ry <> r ms 0” 
nical specifications for low istics and the good surface inherent in 


ng and struc qe il steels rimmed steels, make these steels of par 
ften be used in ticular interest at the present time 


lace at least part 


in critical Grades of Ferrovanadium 
ELECTROMET produces fe rrovanadium 


vs now 





vanadium is well Kin 


containing § to §5 per cent van idium 


Vanadium increases the 
for the production of vanadium-bearing 


, n : : 
vanadium strength, toughness, and wear resis 
ed eff nce of engineering steel ls and The all luced 
in engineering steeis for many Steels and irons vw alliov 1s pro ucer 
, 
t oug 4 7 » cranl 
th tough machine parts, suc h as this large « ank in three gr ides with maximum 
haft , 
ind wear 50, or 3 per cent carbon and maxi 
by increas 
th without sacrifi hiol , . | 
it sa high-strength steels are required. The 
niform|] ’ oO 1 
The un nly fine grain rbon-vanadium steel is compared wit! 
] : 
steels makes plain-carbon steel; and the chromium 
L r 
Drasion vanadium steel, with chromium-moly! 


ul a le uM steel N rte the Exce Ile nt pr P 
Better Mechanical Properties rties of the vanadium-bearing steels 
In the followi: g ure typical 
n-vanadium and chro Improves Cc.st Iron 

tl it are suitable \ small vddit m ot \ inadium usually 


where low-alloy from 0.10 to 0.25 per cent, refines the 





; . . : ». 2—Steel and iron cas 1s treated 
Properties of Vanadium Steels Compared With Other Engineering Steels / r 1 : : ; * : ey we “i 
witn smal w4aitions anadium nave 


Carbor- Chromium- Chromium- high ductility and greater toughness 
Carbon Vanadium Molybdenum Vanadium ind impact resistance 


Typical Analysis, % Steel Steel Steel Steel 
: NN ee } 


Vanadium 0.16 0.16 mum 1.5 2 and 5 per cent sili 

Carbon 9 0.49 ) 0.50 

Manganese ) 0.77 ( 0.79 | 

0.15 0.31 | of iron- and steel-making 

0.98 Write for a copy of the book! Eve 
ts and Servi which 

Annealed and gives he Ipful information about t use of 

Furnace-Cooled . ferr vanadium and other 

Tensile Strength, psi 90,600 100,000 100,000 99,500 alloying metal . that 

Yield Point, psi | 48,900 66,000 50,000 64,100 , Evecrnomer supplies. The 

Elongation in 2 in., % | 23.3 25.0 23.0 28.4 babe ined booklet may be obtained 

Reduction of Area, % 37.8 49.1 45.0 59.0 - from any ELECTROMET 

Izod Impact, ft.-Ib 13.5 26.0 17.0 44.0 . thee: in Birmingham, 

- Chicago, Cleveland, De- 


Quenched end Tempered tro I Os Ange le s New 
Tensile Strength, psi 134,900 134,500 232,000 232,800 York, Pittsburgh, or San 
Yield Point, psi 110,800 128,000 214,500 224,200 INCiISC In Canada: 


Elongation in 2 in., % 18.3 18.3 10.0 | 10.4 ___— Welland, Ontario 


Reduction of Area, % 54.1 56.6 39.0 43.1 —a 
54.0 65.0 12.0 12.0 The term “Electromet” is a registered trade 


Izod Impact, ft.-lb ' 
ark of Union Carbide and Carbon Corporation 


con, respectively. Each grade is specially 
adapted to fill the different requirements 


Silicon 


Chromium 


Molybdenum — _ rromer Produc 
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Wyman- Gordo — specialists in the vital forgings of the internal 


combustion engine since its inception—is today the largest producer 


of crankshafts for the automotive industry and of all types of forgings 
for the aircraft industry. Be it crankshafts and other vital forgings 
for the piston type engines or turbine wheels and impellers for turbo 


jets—there is no substitute for Wyman-Gordon experience. 


Standard of the Industry for More Than Sixty Years 


WYMAN-GORDON 


FORGINGS OF ALUMINUM * MAGNESIUM © STEEI 
WORCESTER, MASSACHUSETTS 
HARVEY, ILLINOIS DETROIT, MICHIGAN 


NOVEMBER 1951, JOURNAL OF METALS—965 





— Personnel Service - 


T —— POSITIONS OPEN —— 


Engineers. (a) Engineer to solve 
rrosion problems in process equip 
ind plant maintenance for 
New York 18 Detroit vork in laboratory or plant to help 
San Francisco roper metals, plastics or pro 
Chicago | cti ) igs. One to two 
with college 
b) Senior ungineer 
problems in process 
intenance by proper 


protective coatings 





PACKAGED 


CONTROL 


AN increasing number of producing plants are taking ad 
vantage of the inherent features of the ElectroniK Poten 
tiometer in this packaged panel for pH measurement and 
control for these two important operations 


FOR PLATING FOR WASTES TREATMENT 


© Jt holds rere 


v 


Complete information is available in new Catalog No. 15-16 

pH and Conductivity Recorders and Controllers.” 
Write for your copy today. MINNEAPOLIS-HONEYWELI 
REGULATOR Co., Industrial Division, 4573 Wayne Ave., 
Philadelphia 44, Pa 


Honeywell 
“Brow Qustimmodty- 
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plastics, fabrication procedure. Five 
to ten years’ experience plus B.S. or 
M.S. in chemical, metallurgical o1 
mechanical engineering. Salary open 
Positions with well established con 
sumer products industry. Location, 
New Jersey. Y6089 


Product Development Engineer, 28 
to 40 with engineering degree, some 
experience in industrial marketing, 
for post emergency product develop 
ment. Company is equipped to do a 
wide variety of metal fabrication 
work including press work, metal 
finishing and assembly; has a largé 
machine shop, engineering design and 
drafting organization. Salary open 
Location, Ohio. Y6087-CD 


Chemist with experience on metal 
analysis covering aluminum, bronze 
and steel for commercial testing lat 
oratory. Salary, $3900 to $5200 a 
year. Location, New York. Y6081 


Engineers for company making cut 
ting tools and dies by powder metal 
lurgy methods. Will work with pres 
ent personnel in surveying and eval 
uating present production processes 
adapting research results to produc 
tion and conducting production scale 
research and development. (a) Mate 
rials Engineer with metallurgical de 
gree, to analyze material failures 
and specify materials for develop 
ment and production applications 
c) Process Engineer with chemical 
degree, to evaluate, improve metal 
powder process methods and equip 
ment. Location, Pennsylvania. Y6044 


Chemists, Chemical Engineers and 
Metallurgists, B.S.. M.S.. Ph.D., for 
process design, development and 
pilot plant, analytical laboratory i 
plant technical service. Posi 
ypportunity to become familiar w 
latest developments in ore processi 
netal refining and fabrication 
ary open. Location, southern (¢ 


Y-6042-D 


General Plant Superintendent, 35 
to 40, preferably mechanical eng 
neering education, with full knowl 
edge of heat treating, metallurgy. 
stamping and piercing dies, and 

hearing and forming f man 
turers of perforated metals. Location 
northern New Jersey. Y6027 

Salesmen, 2, with experience and 
knowledge of heat treatment and 
netallurgy of tool steel to sell 
Swedish steels. Territories 
northern Ohio and one for 
California. Y6020 


Engineers. (a) Welding 
with 5 to 7 years’ experis 
department and direct res 
all types of joining of aluminu 
Engineer, 1 to 3 years’ experience 
to conduct experimental work on 
soldering. (c) Physical Metallurgist 
M.S. or Ph.D. with outstanding : 

ty, preferably with 3 to 5 years’ 
perience, to conduct investigatior 


on aluminum base alloys. (d) Phys 





ical Metallurgist, no experience re 
quired. (e) Metallurgist, or chemical 
engineer, B.S. or M.S., with 5 to 7 
years’ practical experience in metal 
finishing, preferably aluminum, for 
development and technical service 
vork in plating, chemical coating 
brightening, etc f) Engineer or 
Chemist, B.S. or M.S., with training 
rr experience in paint technology for 
the investigation of paint and lacquer 
finishes for aluminum. (g) Testing 
Engineer, 5 to 7 years’ experience 
to conduct and direct all phases of 
mechanical testing. (h) Metallurgical 
B.S., 3 to 5 years 
experience, to conduct research work 
nelting, ore dressing, calcination, 
}) Metallurgist or Electro 
with 3 to 5 vears’ experi 
or fundamental corrosion re 
mn aluminum. Apply by letter: 
full details. Location, Wash 

ngton State. S-1331 
Concentrator Metallurgist, 30 to 35 
graduate in ore dressing with prac 
tical experience, to take charge of 
laboratory testing for large mining 
company. Spanish helpful. Three 
year contract, transportation, living 
quarter Location, South America 

Y6010 


Metallurgist for research work ir 
the field of metal coatings. Salary 
$4600 to $6400 a year depending upon 
qualifications Location, Washington 
D. C. Y6001 


Junior Engineer, metallurgical or 
chemical graduate, to do analysis 


nake pi ysical tests, covering mate 

heat treatment, coatings, et 
Salary, $3900 to $4420 a year. Loca 
tion, Connecticut. Y5997(b) 


rials 


Engineering Draftsman wiih ex 
erience, to lay out and detail metal 
working machinery for canning and 
netal products fields. Salary, $3900 
to $4940 a year. Location, New York 


Y5995 


E 


Metallurgist with B.S. degree 
netallurgy or metallurgical engi 
neering, and at least six months’ pro 

al experience in metallurgy 
be responsible for conducting 
X-ray, Gamma-ray, Magnafiux and 
Zyglo examinations of castings, weld 
ments, and forgings to determine the 

uitability for naval use. Salary t 

$3825 a vear. Location, Penn 


svilvania. Y5992 


Supervisor, metallurgy and metal 
lurgical engineering, M.S. Met. or 
Met. Eng., 35 to 45. Must have had 
eight or more years in broad pri 
gram of industrial research in prac 
tical application. Will supervise all 
metallurgical and metallurgical engi 
neering functions. Company will pay 
placement fee. Salary, $7000 to $9000 
year. Location, Michigan. T8206(b) 


Assistant to President, graduat« 
engineer, 40 or over. Must have had 


(Continued on page 968) 





agrees: 


t's Take-Off 
That Pays 0 


Whatever the theory of wheel quality, it’s 
take-off that pays off. Currently, competi- 
tive tests prove that Electro Wheels engi- 


neered to the job, are 45% more effective! 


As grinding problems and practices 
become more and more individual, pro- 
duction executives realize more and more 
that only those wheels that are engineered 
for specific purposes under individual 


conditions, are wholly satisfying. 


Permission to survey the possibilities as 
to whether comparable efficiencies and 
economies can be achieved for you, will 
place you under no obligation whatever. 
Phone, write or wire. We'll get a compe- 


tent Field Engineer to you quick! 


Plants: Buflole, N.Y. Cap-de-le-Madeleine, P QO. Conode 


i 





Resin Bonded 
ABRASIVE 
WHEELS FOR 
CUTTING - OFF 


PRECISION 
GRINDING 


SNAGGING 


GRINDING WHEEL 
MANUAL 645 AND 
SPEED CALCULATOR 


Free on Request 


Write For Them 
NOW! 


Regonel Warehouse: Los Angeles 58. Col 
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3 GOOD TECHNICIANS 
in rour LABORATORY 


“MULTIPLE UNIT" 
TEMPERING FURNACE 


For Temperatures to 1250° F. 
A high speed centrifugal fan 
located in the rear of the 
heating chamber supplies 

rapid and uniform heat- 

ing. Shelves and baffle 

are easily removed. 

Write for Bulletin 

LAB- 1049 


“MULTIPLE UNIT 
MUFFLE FURNACE 


For Temperotures to 1850° F. 
For drying precipitates, 
ash determinations, fu- 
sions, ignitions, heating 
metals and alloys, enamel 
ing, heat treating, and 
experimental test 
work Available in 
four standard sizes 


Write for Bulletin 


HEVI DUTY 
“G-05-PT” FURNACE 


For Temperatures 
to 2600° F. 
Designed for operation 
at high temperature with 
or without a protective 
atmosphere. Heating ele- 
ments are silicon carbide 
rods extending across the 
chamber, above and be- 
low the refractory muffle. 
Write for Bulletin 
LAB- 250. 


HEVI DUTY ELECTRIC COMPANY 
LABORATORY FURNACES MULTIPLE UNIT ELECTRIC EXCLUSIVELY 


MILWAUKEE 1, WISCONSIN 
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at least ten years’ experience indus- 
trial heat treating furnaces. Duties 
will be to follow up design, super- 
vise engineering department and 
assist sales department in design and 
customer contact work. Must have 
knowledge of steel plant operations 
Salary, $9000 or better. Some travel 
ing. Location, Chicago, R8216 


Welding Engineer. Must have had 
two or more years’ experience in ar 
or resistance welding around elec- 
tronic equipment, and knowledge of 
electronic circuits. Will set up weld- 
ing standards in resistance or arc 
welding projects and train personnel 
Company may pay part of placement 
fee. Salary up to $600 per month 
Location, western Chicago suburb 
R8168(a) 


Maintenance Engineer. Must have 
had five or more years’ experience 
in maintenance and repair of weld 
ing equipment, and knowledge of 
welding equipment maintenance. Will 
handle inert arc welding, ac arc 
welding, resistance welding and dc 
generating equipment Will also 
handle normal electrical maintenance 
of manufacturing plant. Company 
may pay part of placement fee. Sal 
ary up to $700 per month. Location, 
western Chicago suburb. R8168(b) 


Recent Chemical or Metallurgical 
Engineering Graduates for work in 
connection with a prospecting pro 
gram. Excellent opportunity for ad 
vancement. Location, Florida. Y60!3 











WANTED: Bound Volume, 
1938 edition, Transactions, 
Iron & Steel Division, AIME 


Box K-16 
JOURNAL OF METALS 








WANTED—MELTING DEPARTMENT 
SUPERINTENDENT 


Immediate opening for person 
having experience in electric 
arc furnace melting of tool, 
high speed, stainless, and 
specialty steels in long-estab- 
lished mill in Pittsburgh dis- 
trict. Should have considerable 
practical experience, technical 
background, and ability for 
handling men Reply giving 
complete record of experience, 
qualifications, age, and refer- 
ences 
Box K-17 
JOURNAL OF METALS 




















Industrial Notes .... . 


e $296 million will be spent by 
Westinghouse Electric Corp. for 
expansion to increase the com- 
pany’s productive capacity by 50 
pet. This is the second such pro- 
gram undertaken, the first having 
cost $150 million 


e Union Carbide & Carbon 
Corp. will operate the new Ura- 
nium-235 production plant at Pa- 
ducah, Ky., under agreement with 
AEC. Already operating three Oak 
Ridge atomic energy installations, 
it will operate the Paducah and the 
Oak Ridge gas diffusion plants un- 
der a single organization centered 
at Oak Ridge. The plant at Paducah 
cost $500 million. 


e United Carbon, Inc., Charles- 
ton, W. Va., is completing a $2 mil- 
lion oil base furnace black plant 
at Franklin, La., the capacity of 
which is expected to be over 30 
million lb per year 


e $5 million will be spent by 
American Welding & Mfg. Co. for 
additions and equipment ot its 
Warren, Ohio, plart. The plant 
produces aircraft parts, including 
coated nozzle boxes, turbine cas- 
ngs, exhaust cones and stainless 
steel and titanium welded ring 


assemblies 


e Harbison-Walker Refractories 
Co., Pittsburgh, is negotiating for 
the Warm Springs, Calif., plant of 
Laclede Christy Co., Chicago. The 
acquisition will be handled by a 
West Coast subsidiary and will 
permit the company to enter a 
wider field of production of basic 


and silica refractories 


e H. K. Porter Co., Pittsburgh, 
has purchased Buffalo Steel Co., 
Tonawanda, N. Y., which produces 
about 70,000 tons a year of rein- 
forcing bars, agricultural shapes, 
fence posts, light angles, merchant 
bars, and similar light steel prod- 


ucts 


e Combined Metals Reduction 
Co., announced that it will build 
a new ferromanganese plant at the 
Henderson, Nev., magnesium plant 
owned by the Government. The 
new plant will cost about $1% mil- 


lion 


e Vulcan Mold & Iron Co., La- 
trobe, Pa., is planning construction 
of foundry for production of ingot 
molds at Riverside, N. J., and is 
completing a new ingot mold foun- 
dry at Lansing, II. 


e Bridgeport Thermostat Co., a 
division of Robertshaw-Fulton 
Controls Co., will build a $1 mil- 
lion plant near Milford, Conn 


e Budd Co., Philadelphia, will 
erect a $6 million machining 
welding, and painting plant for 
tank hulls and turrets under sub- 


contract from Chrysler Corp 


e Wallander Fabricant Steel 
Co., New York, is planning a $1 
million plant near the Hudson 
River in North Albany, N. Y 


e Reserve Mining Co., owned 
jointly by Republic, Armco, and 
National Steel Corp.’s will spend 
more than $75 million on a bene- 
ficiating plant for producing high 
grade iron ore from magnetic 
taconites. The plant will be 55 
miles east of Duluth, Minn. 


e Thompson Products, Inc., has 
acquired Antenna Research Lab- 
oratory, Columbus, Ohio. Thomp- 
son is building up an electronics 
division, and will set up facilities 
for large scale production of an 
tennas at the new plant 


e By 1954, General Electric Co.'s 
capital expansion program since 
World War II will reach a total 
cost of nearly $1 billion. Research 
and development costs amount to 
about $100 million a year, and the 
number of plants owned by the 
company has increased from 37 in 
1939 to 114 today. 








coming 
of 
Spring 


--- you will switch to 


MOLYBDENUM 
High Speed Steel 


The increased usage of 
Molybdenum high speed 
steel is based on: 
its merits, 
its easy 
availability, 
its lower cost. 
You can save tungsten for 
uses where it is really need- 
ed. Don’t delay, the switch 
is easy. 
All the facts you need 
in this FREE BOOKLET. 


Climax Molybdenum Company 


500 Fifth Avenue - New York City 


Please send your FREE BOOKLET 
**MOLYBDENUM HIGH SPEED STEELS" 


Adaress 
JM-11 


NOVEMBER 1951, JOURNAL OF METALS—969 





SPOOL-TYPE SPECIMEN HOLDERS permit testing several materials under service conditions 
without risk of mechanical damage. Specimens make no contact with each other or with 


plant equipment... thus, galvanic effects ore prevented 


Help for solving your 


INDUSTRIAL CORROSION 


PROBLEMS... 


Available for solving your specific problem 


umount ot information on industrial corrosion 


Acquired and catalogued by The International Nickel 
Company’s Corrosion Engineering Section, this fund of 


data 1s constantly be ing increased 


\ iluable information 1s obtained in various ways...tor 


instance, by cooperative field tests in which specimens 


} 


are exposed to actual plant operating conditions. Also 


by fundamental investigations in the laboratory and by 


tests that duplicate, so far as practical, existing or ex 
pected conditions where plant tests are impractical 


A great deal of important data comes from INCO's 


Beach and 


Harbor Island, and from stations having industria! and 


large scaie marine testing Stations at Kure 


rural atmospheres. In addition, technical literature, reports, 


and manufacturer bulletins contribute useful information. 


Our files contain data from more than 2.000 plant tests 
on some 40,000 metal and alloy specimens. All informa- 
tion 1s tabulated on standard forms, and a punch card 


key sort system facilitates finding specific data. 


We freely provide the Corrosion Data Work Sheet, 


illustrated, for presenting your specific problems. 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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ASSEMBLING A CORROSION TEST SPOOL. Speci- 
mens are machined to specified dimensions, and 
expose exactly 0.5 sq. dm. when mounted for test. 


SET-UP FOR GALVANIC COR 
ROSION TEST. Knowledge of 
the galvanic behavior of speci- 
nens is required for predicting | 


direction of galvanic effects — 








WRITE FOR BOOKLET 

















Whenever you ed assistance in solving a corrosion 
problem, our Corrosion Engineering Section will gladly 
cooperate with you. A free copy of the new booklet entitled 
“Corrosion” may help you defeat corrosive attacks...write 


for it now. 


67 WALL STREET 
NEW YORK 5, N.Y. 





Journal of Metals Pesnnte: 





American Smelting *% Refining broke ground recently for a new Central “esearch 
Laboratory at South Plainfield, N. J. The lab will have about 75 indi- 
vidual laboratories for basic studies on gold, silver, lead, copper, zinc, 
antimony, cadmium, and other metals produced by the company. One important 
project will be the development of new uses for a number of byproducts, 
notably arsenic snd such metals as indium, thallium, and telluriun, 














Reserve Mining Co. has started construction of a 2,500,000 tons per year 
beneficiating plant for producing high grade iron ore from magnetic 
taconite. The plant will cost upwards of $75 million, and operation 
will begin in late 1955 or early 1956. It is on the north shore of Lake 
Superior about 55 miles east of Duluth. Provision is being made to en- 
large the plant as needed to a 10 million tons per year plant. To 
operate at 2,500,000 tons per year, 7,500,000 tons of taconite will be 
required. Republic, Armco, and National Steel Corps. are partners in 
Reserve Mining Co., and Oglebay-Norton & Co. manages the firm. 

















Containers made from low carbon hot rolled steel plate, utilizing rolled 
flanges and rubber rings for moisture and air seals, are being used to 
protect jet engines from damage in shipping and eliminate frequent in- 
spections for corrosion. Engines are rubber mounted in the cans, can 
withstand total immersion in water, and drops of 36 in. without damage. 

















Allis-Chalmers Nfg. Co. will do about 90 pet of the manufacturing operations 
on the Fratt & whitney T-34 turbo-prop engines, producing and assembling 
the gas turbine engines which will be tested by PkW at East Hartford, 
Conn. T-34's were developed in collaboration with the Navy and will be 
used for the Air Force's new Douglas giant transports. 

















Aluminum & Brass Corp., Detroit, will operate the production and 
experimental aluminum forging and extrusion plant owred by the Government 
at Adrian, Mich. Bohn built and operated the plant during orld War II, 
but in 1948 it was turned over to Gerity-Michigan Corp., and later to 


Reynolds Metals Co. 

















Plans call for shipment of about 3 million tons a year of Brazilian iron ore 
into the Pittsburgh, ‘a., district. One of the main sources is Ita 
Bira Mountain, with about 100 million tons of ore visible. The ore runs 


about 69 pet iron. 


Bureau of mines describes a successful production process for 99.9 pct pure 
electrolytic manganese from low grade ore by use of a chloride electrolyte. 
While the chloride process is more difficult and expensive to operate than 
the sulphate process, it is believed to have certain advantages that will 


overcome these difficulties. 




















Norton Co., has developed highly improved and efficient techniques of grinding 
titanium commercial alloys, one of the major fabricating production 


problems in handling these alloys. 





U. S. Steel Corp. has just put into operation rotary sintering and Dwight- 


Lloyd sintering equipment at its taconite concentration plant in Minn- 


esota. Comparative studies of costs, end-products, and other factors 
of sinter produced by these two methods will be studied. 
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have attained world-wide distinction in our related 
fields, and who have added substantially to our national 
industrial progress. May the Society in the future raise 
still further the high scientific and technical level of 
the chemical industry for which it is so largely respon 


Society now has more than 66,000 members, of 

16,000 are chemical engineers. It is the largest 
scientific society in the world. It embraces 20 profes 
sional divisions, indicating the wide scope of the chem 
cal industry. Really, almost every manufacturing in 
dustry in the country depends to a considerable extent 
yn chemistry, as do many of the professions as well 
conspicuously that of medicine. At the New York meet 
ing 720 technical papers were presented at 129 sessions 
overing 80 general subjects of scientific interest 


Ore and Near Ore 


Some 8 years ago the Bureau of Mines and Geological 
Survey decided to classify ore reserves into measured 
ore ndicated ore, and inferred ore. The definitions 

stated in the October 1943 issue of Mining and 
llurgy. Now comes an inquiry from England as 

to whether these classifications ever were accepted by 
mining men in this country. We referred the question 
to a prominent mining geologist, who writes in part 
as follows 

We use these terms in our own reports but my 
experience with mining companies indicates that most 
if those in the westerr United States follow the old 
nomenclature in recording their ore reserves. Also, 
most of the annual reports hold to the old terms 
leveloped (proved) ore, etc. One company qualifies 
further by classing ore reserves as ‘fully developed 
ore An official of one of our larger companies, the 
American Smelting & Refining Co., said that his 
company uses the old terms around its operations be- 
cause the operators are more familiar with them, but 
hen dealing with the U. S. Government they are 
forced to use the new terms. He believed the new 
terms would gradually replace the old because of the 
insistence of the U. S. Government, if for no other 

ason. The Defense Minerals Administration requires 
the use of the terms measured ndicated, and inferred 
in all petitions submitted to that office 
My own opinion is that the changeover 

tur mining companies are concerned, will take a little 
time in spite of obvious advantages in the new defini- 


ore 


tions 


More Peeves 


In the June issue we spoke of some words and phrases 
that got under our skin a bit. Robert A. Laurence, from 
Cnoxville, Tenn., voices “a loud and hearty amen. I 
wish you had included two of my pet peeves: ‘finalize 
to complete or finish) and ‘foreseeable future.’ (At 
what point does the unforeseeable future begin—five 
minutes from now, five days, five weeks, or five 
months?) But wasn't it President Harding who thought 
up ‘normalcy, for the 1920 campaign?” Yes, it surely 
was: we gave the credit to Coolidge 





Hot - Workability of Stainless Steel 
Improved by Adding 





Cerium and Lanthanum 











By C. B. Post, 


D. G. Schoffstall 


NE of the more general problems in some grades 
of stainless steel manufacture is the production of 
consistently malleable ingots. The hot-workability of 
any particular determines to a large 
extent its availability as bars, sheets, strip, plates, and 
ther commercial wrought products 
Considerable work has been done on this problen 
of hot-workability but published data are rare because 
the problem is difficult to study by laboratory tech- 
niques. The variables known to affect the problen 
as melting practice, ingot size, rolling tempera- 
are complex and do not lend themselves to 


stainless grade 


such 
tures, etc 
exact technical data treatment 

For some years Carpenter Steel Co., Reading, Pa 
has been investigating variables that affect hot-work- 
ability of improve the hot-work- 
ability of measure of hot- 
workability presently exists, and to impart hot-work- 
alloys previously considered to be 


stainless steels to 
those steels where some 


ability to stainless 
non-hot-workable 

The rare-earth elements are an effective 
promot ng and improving the hot-workability of au 
tenitic chromium-ni¢kel and hish alloyed stainless 
steels when added as an alloying element. The effect 
of this alloy agent can be exceptionally marked in some 
alloys where the metal is converted into a commercial 
wrought product from a metal previously considered 
to be non-hot-workabl In other metals, the effect 
will be to improve the existing hot-workability as 
evidenced by better ingot-to-billet yields, less billet 
preparation, and better hot-rolled strip surfaces. The 
results by alloying rare-earth metals in these high 
alloved stainless steels are described elsewhere.* The 
term rare-earth elements refers principally to ceriun 
lanthanum and those other 
monly associated together in misch-metal 

To present the data on a systematic 
known to affect hot-workability must be 
that the inherent ductility of the alloy can be 
rated from other variables of a mechanical or physical 
nature. Some of these known to influence 
hot-workability are as follows 

1—Stiffness: Stainless steels as a class are high in 
alloy content. The austenitic stainless alloys are 
erally higher in alloy content than the ferritic grades 
As a group noted to be stiffer in 


agent in 


metals com- 


rare-earth 
basis, variable 
reviewed so 


sepa- 


variables 


gen- 


stainless steels are 


atent 2.55 0. « B. Post 
penter Steel ¢ Reading, Pa 
C. B. Post, D. G. Schoffstall, and H. O. Beaver are in 
the Metallurgical Dept., Carpenter Steel Co., Reading, 
Pa. This paper will be presented at the Electric Furnace 
Steel Conference, Iron and Steel Div., AIME, Dec. 6-8, 
1951. 


and H. O. Beaver 


hammer than conven- 
carbon steels. This is primarily 

of higher alloy content, which, even at more 
elevated temperatures, causes the steel to resist def- 
ormation. Starting with iron or SAE 1010 as the most 
deformed grade of steel, the SAE alloy steels 
would come next in stiffness, followed by the ferritic 
grades of stainless such as AISI Types 403, 410, 416 
and 430, followed by the austenitic 18-8 grades of 
stainless such as Type 302 and 304. Alloys stiffer than 
this latter type would include the 18-8 grades with 
molybdenum such as Type 316 and 317, the high- 
chromium high-nickel alloys such as Type 310, fol 
Inconel 


the rolling mills or under the 
tional low alloy or 


because 


easily 


lowed by various specialized alloys such as 
80 pet Ni-20 pct Cr), and the so-called super-alloys 
currently used in jet power units 

Hot-workability will not be concerned with stiffness 


f the alloy provided the alloy is ductile. The stiffness 


Fig. 1—These stainless steel specimens show fine-grained, 
equi-axed and pronounced columnar structures 
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eating procedure and temperatures for stainless steels 
cannot be over-emphasized. Numerous cases of aus- 
tenitic alloys have been observed where heating tem- 
perature and cogging procedure must be prescribed 
vithin such narrow limits as to make its production 
npractical because the alloy was inherently hot- 

hort. The same alloy made to be more ductile can 

stand wider liberties in the heating temperature and 

handling procedure at the mill. In this sense it is 

granted that a poor heating job at a mill or hammer 

can ruin or make unusable a worthwhile good heat 

f stainless steel, but it is also true that no amount of 

ire in heating or in heating procedure can make 

nalleable a heat of steel that is inherently non-ductile 

4—Hot-Shortness: This is the variable which is be 

ieved to overshadow all foregoing variables in im- 

Hot-shortness or non-ductility can be the 

several causes. The first cause in stainless 

nelting that can produce pronounced hot-short- 

ects of carbon-chromium balances are shown t is contamination with elements such as lead, tin 

pored rolled billet yields, Type 308 stainless Iver, etc. At present, nothing can be done to over- 

e this type of hot-shortness caused by tramp ele- 

ents except better selection of scrap. Another im- 

portant cause is the furnace melting procedure on hot- 

hortness. For instance, in melting Type 316 consider- 

ible nickel oxide and molybdenum oxide can be used 

‘ ‘ , charge. If insufficient carbon is present in the 
-Ingot Structure: Ir i f | alléved chi to combine with the oxygen from the nickel 
pronounced i r sti ire | btained in i and molybdenum oxide, the heat will be excep- 

t I l vild when melted-in, and consequently will 
handle in the refining period. Such heats 
to show a pronounced tendency for hot- 
in rolling mills or hammers. If sufficient 
incorporated into the charge to take care 
the heat will melt-down in a normal 
excessively wild) and will yield ductile 
is thought that this action comes about be- 
hearth picking up considerable amounts 
the oxidizing period when insufficient 
present to boii out the oxygen. This oxygen 

picked up by the hearth remains into the 
period so that the melter is faced with de- 

zing the metal and deoxidizing the hearth. Another 
I eit J ) ble nportant fi r in determining the hot-shortness of 
$—Heating Conditions Mill or Hammer: T hei iuinless steel, especially of the austenitic 


a grades con- 
‘ te f r } 
l l ll I 


uining nickel, chremiun molybdenum, etc., is the 
rrect chemical balance in the alloy. This chemical 


alance influences primarily the amount of high tem- 


ture ferrite and austenite that will be present at 

rolling temperatures A completely austenitic 

in general will be rolled or hammered better at 

er temperature than a completely ferritic alloy 

thought that when some ferrite is present with the 

ferrite acts as zones of weakness between 

i grains; and if the alloy is heated to the 

rect temperature for austenite, the ferrite collapses 

e temperatures. If enough ferrite is present, the 

vill tear apart at the mill or hammer. For a 
alloy, small amounts of austenite will ci 

effect That is, the austenite will be 

ferrite matrix at the rolling tempera- 

used for the ferrite, and if too much 

is present the alloy is too stiff to flow well at 

ower temperature and stress or strain cracks will 


é 
the | 


“A the effect of carbon and chromium at 9.50 to 
1.50 pet Ni on the prepared billet yields of Type 308 
ns in Type 308 causes lower yields, unless 


ippear, especially, on edges of strip or sheets. Fig. 2 


arbons are offset by a lower chromiun 
constant nickel. Enough is known about 
to state that the lower carbons cause a 
-austenitic mixture at rolling temperatures 
tly, if an austenitic element like carbon is 


lis decrease must be balanced by a 


equen 


the ferrite-forming elements, such 

Fig. 3—Shown here is the effect of free delta ferrite on the chromiun ig. 3 shows the effect of 30 pct ferrite 
rolling behavior of Types 316 and 316X, hot-rolled 734x lite matrix of Type 316 on the appearance 
148.in. strip. Left shows Type 316 right shows Type 316X f t-r trip In this case the carbon, chromiun 


with 30 pct delta ferrite in the austenitic motrix r ! Ivbd um contents of the two 


samples shown in 
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Fig. 3 are approximately the same The principal dif- 
ference is that the regular sample of Type 316 shown 
on the left in Fig. 3 contains about 12 pct Ni, while the 
sample on the right, Type 316X, contains about 9.50 
pet Ni. In this case the appearance of a substantial 
quantity of ferrite in the austenitic 
by a decrease in the amount of an austenite-forming 


element, such as nickel 


matrix is caused 


Forgeability Evaluation 
To isolate these hot working variables so that an 
ntelligent study can be made of this hot working prob- 
lem, it is necessary to devise testing procedure 
with each heat. Such a test would have little to do 
heating conditions and heating 
since these pro 


some 


vith determining the 
temperatures at the mill or hammer 
cedures are best set up based upon general experience 
and detailed studies of heats when they are first taker 
Also, the test should not be con- 
problem of stiffness 
} gal alloy content and can 
be handled in a general manner by judicious use of 
experience. For instance, high cobalt contents 
10 or 20 pct in a chromium-nickel stainless steel means 
that the stiffer than the 
and the proper ingot 


on for manufacture 
i too 


again is determined by the 


much with the since 


uch as 


alloy going to be conven- 


tional grade of 18-8 or Type 316 
: rolling mills 
erally determined by past experience. The test should 


e and billet size for the can be gen- 


lifferentiate clearly between hot-shortness as deter- 


mine by the foregoing chemical variables and the 


possibility of hot-shortness caused by ingot structure 


Such a test could be made using a chill cast structure 
o that the question of ingot structure could be differ- 
entiated from the inherent hot-workability of the alloy 
If the chill cast test showed the alloy to be ductile and 

¢ 


ngots were not ductile, then it would be necessary to 


look to ingot structure to determine a possible reason 
At Carpenter Steel Co 1 cone test as shown in Fig 
was used. One or more cone tests are cast with each 
it of stainless steel under study not 
known of the steel, the cone test will lead to the cor- 
rect rolling or forging temperature This is 
mined by heating up the cones to various temperature 


much 
deter- 


and forging them on a hammer. The forging procedure 
s as follows 

After the cone is heated to the correct temperature it 

placed on the die of the hammer (a 1% ton hammer 
a light 
tap is given the cone to seat it well on its pase. Then 
a full blow of the hammer is given to the cone so that 
the truncated portion is driven down into the base and 
pread as shown in Fig. 5. An examination of the 
periphery of the cone allows an estimation of the hot- 
workability of the alloy 


' 
} 
In the case of ferritic 


has been used in the experimental work), and 


tainless alloys cases have been 
found where the cone test will show the alloy to be 
luctile but almost completely non-ductile 
Investigation on this effect has shown pronounced col- 
I i in the ingots with subsequent large 
he rolling temperatures. In the case of 
steels such as 25 to 30 pct Cr, these 
grains can cause the steel to be very notch 
even at rolling temperatures, so that scabs ca 
checks and cracks on the billet. The steel also 
strength in going through a diamond 


pass because of these large grains tearing on the sharp 


ingots are 


iromlun 


have little 


corners of the diamond 

In the case of austenitic stainless alloys, experience 
test has shown that if the ductility of 
satisfactory as measured by the cone test 


vith the cone 
the metal is 
then the metal will behave satisfactory in either roll- 
ing o1 There has not been a case where 
the cone test showed an austenitic alloy to be ductile 
that ingots have not been ductile. This is probably be- 


ie 
hammering 


cause austenitic alloys have a much narrower range of 
freezing than the ferritic alloys, and when the ingots 
start to freeze the ingot freezes fast: whereas in fer- 
alloys the ingots will behave somewhat like iron 
el and will exhibit all defects of ingotism that 


und in steel ingot 








Fig. 4—Dimensions of graphite mold for cast 
ing cone test. Dimensions of the cone are 
given by inside dashed lines 


It would seem that from correlations of this cone 
test with hot working of ingots that the ingot struc- 
ture of austenitic alloys has little effect on the result- 
ing hot-workability. If there is any effect, it is of a 
secondary nature and in most melt shops the problem 
of hot-workability is much more severe than would be 
accounted for on the basis of ingot structures. The 
work that follows is concerned only with austenitic 
stainless grades, and the cone test gives a measure of 
the hot-shortness as influenced by the chemical bal- 
ance, contamination caused by tramp elements, influ- 
ence of melting practice, and influence of any element 
uch as rare-earth metals on the resulting hot duc- 
tility. The answer in the case of austenitic stainless 
steels will be fairly clear cut and will be capable of 
duplication in other shops 


Effect of Rare Earths 

First experiments had to do with the effect of misch 
metal alloy addition on the forgeability of austenitic 
chrome-nickel steels containing nitrogen. One of the 
steels for experimentation was an austenitic 
valve steel of the following nominal composition: C, 
0.20 pet; Cr, 21.00 pct; Ni, 11.00 pet; W, 3.00 pet; and 
N, 0.20 pet. Experience with this steel had shown that 
without nitrogen additions, the steel could be forged 
and rolled without too much difficulty and could be 
satisfactorily fabricated into automotive exhaust 
valves. The introduction of nitrogen to increase the 
hot-hardness brought along several manufacturing 
problems, principally having to do with hot-shortness 
of the alloy on hammering or rolling. The hot-short- 
ness was studied by means of the cone test and no 
made in melting practice to 
make this analysis commercially hot-workable. The 
introduction of misch metal brought some surprising 
results on the hot ductility of the analysis. Fig. 6 shows 


early 


improvement could be 


Fig. 5—The cone test specimen before and after forging 
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Fig. 6—Forged 3'2-in. squares of 21-12 WN steel. The 
upper two billets hod no misch metal additions; and the 
lower four billets had misch metal additions of 2 Ib per ton 


Fig. 7—Forged cones of 21-12 WN steel demonstrate the 

effect of misch metal additions. The cone at left had no 

additive, while that on the right had misch metal added at 
rate of 2 Ib per ton 


Fig. 8—The cone at left of a sulphuric acid resisting steel 
had no misch metal added; but the cone at right had add: 
tions rresponding to |2 Ib per ton, showing ( 12 to 0.18 
ct cermum plus lanthanum in analysis 


‘ 
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steel was eneral class of chrome-nickel-molyb- 
ienum-copper steels especially designed for resisting 
sulphuric acid. Steels of this grade have been avail- 
ible for many years as castings, but attempts to hot 
vork steels into the form of wrought products have 
been unsuccessful (as evidenced by the lack of avail- 
ible stocks of this grade of steel in the form of wrought 
products In this particular analysis the addition of 
nisch metal to the Ajax furnace in quantities equiva- 
lent to 6 lb per ton converted an otherwise unwork- 
able steel into a ductile alloy capable of being handled 
commercial mill practices to make forgings, bars 
and cold rolled strip, plates and sheets. The alloy 
containing no misch metal is con plete ly non-commer- 
cial as far as the manufacture into wrought products 
concerned; whereas the alloy containing cerium Is 
nherently ductile and can be handled on commercial 
i In the case of this particular grade of 
corrosion resisting stainless steel, the vields from in- 
gots to prepared billets increased by a factor of about 
30 pet, which means the difference of an unworkable 
illoy as compared to one fitting into the mill schedule 
The effect of misch metal was next studied on a 
igher alloyed grade of sulphuric acid resisting steel 
represented by the following nominal con position 
0.08 pet (max) C; 1.00 pet Mn; 1.00 pct Si; 20.00 pct 
‘r; 28.00 pet Ni; 2.50 pet Mo; and 3.50 pct Cu. In this 
\ in addition of 12 lb of misch metal 
ton adins ium contents of about 0.10 pet 
ind lanthanum contents of about 0.08 pct, is com- 
Jletely hot-workable and able to be rolled into bars 
trip and slab ingots converted to plates. Fig. 8 shows 
ipset cones and Fig. 9 shows the appearance of billets 
th and without cerium and it is apparent that the 
containing cerium and lanthanum is a comple tely 
nmercial product; whereas the alloy made without 
or lanthanum is completely non-ductile 
The cone test enables considerable experimentation 
lone on austenitic stainless steels regarding this 
if hot ductility or hot-workability because of 
orrelation of the hot working of the cone 
behavior in ingots. This makes it possible to 
melting practices and analyses by 
st to obtain the best possible 
balance and in the case isch metal 
t obtain 
particular 


and lanthanum contents nece 
yst ductile metal. For instance 
requires some experimentation to determine 


correct amount of cer n and lanthanum to be 


‘ 
rporated in the metal. This is not so apparent in 
low alloyed steels of the 18-8 vari such as Type 
316 or 317, bur it is apparent in higher alloyed 

especially with the | r nickel contents 


ustrated by following experiments 

hows some of the analyse tudied to illus- 
effect of nickel on resulting initial range 
n and lanthanum necessary to obtain the best 


t-working properties These analyses were all 


Fig. 9—These 434-in. square billets forged from 95%-in 
ingots were from the same melts as cone tests shown in Fig 
8. Good billets correspond to good cones 








Table |. Analysis of Heats Studied to Illustrate the 
Critical Relationships Between Nickel, Cerium, and 


Lanthanum Contents 


ALLOY 


BASE ANALYSIS: PCT 


Carbon 
Manganese 
Silicon 
Phosphorus 
Sulphur 
Chromium 
Nickel 
Molybdenum 


one A 


one B 
one ¢ 


one D 
one E 
one F 
one G 
one H 
one l 
one J 


one K 


Fig. 10—Forged cone specimens corresponding to alloy A, 





nelted in requency furnace 


es t l 
The heats were deoxidized with 
melting 


larg » elimina any q 


with past 


of steel 


expe rence in 
A serie of cones 
containing no cerlum OI 


cast after an 


misch 


using \ 


CaSi 
con parable 
were cast 
lanthanum. The 
metal equivalent of nickel on 


to 2 lb per ton, the f V f after an 


addition making ; te 
lent t ay, 4 lt r The 
ing temperature « 


the ran 2050 to 2150 F 


cone 


temperature read or 
yn the die 


appearance ol 


seat the cone 


ints of ceriu 


wing quantitative 


Fig. 12—Forged cone specimens cor 
responding to alloy C, Table | 


netal addition equiva 


f 
) 


optical py 
n the dic ust 
F 


these 


ly 


Fig 


additional 


were 


lestions of scrap contamin 


in accord 


the first 
next set 


then ‘ um and 
the alloy 
range 
after the hows the 
igs. 10, 11 


cone misch 


and lanthanun cerium and lanthanum is 


this effect lanthanun 


13—Forged cone specimens cor 
responding to alloy D, Table | 


neces 
piven 
lanthanum 
working properties can be 
shown in Fig. 15. For 
appearance of upset 
30 pet 


metal 


Table | 


Forged cone specimens corresponding to alloy B, 


Table | 


range of cerium and 
nprove t-workability 
range of 
necessary to achieve the best 
narrower than the out- 
instance, Fig. 16 
0.10 pet C 
Ni, 20 pet Cr, and 4 pet Mo with vari- 
additior The critical range of 
shown to be 0.06 to 0.49 pet 


t ones C, D, E and F 


nickel content n critical 


cones for 


Fig. 14—Forged cone specimens cor 
responding to alloy E. Table | 
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iments the 

benefited by 
It car 

n of rare-ear 

ctility of the 

investigation 


lan- 
hot-workability of 
determined. In the 
various of analyses 
additions 
with 


of exper ranges 
l rare-earth 


tated also 


have 
assurance 


the to 


necessary 
alloys, 
no clear 


effects « 


hot-<« 
intens 
of 


ju but in 
explanation 
deoxidation wr benefits of 
The appears to be little 
ne of the benefits obtained are the result 
ount of deoxidation the bath, which 
a marked in the fluidity of 
the effect obtained depends 
mtent of rare-earths, it i 
use the alloy content of 
the final results without a 
deoxidation properties 
this point have 
t f ch 
because 
of 


ental study ar 


various 
=Not Forgeable ve 
mproved Forgeap 
the 


additions 


+ 
+ 
given 


in 
increase 
ict 


con- 
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metal in high-fre 
smaller n par- 
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id application. T 
experiment 
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aC 40 50. 
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Effect 


ot 
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At it 
work 
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ing 


ts 
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unts cermum and lanthanum to improve 


ability in Cr-Ni-Mo stainless alloys 


more 
erally 
Different h 


rkabilits rangin from thos ne 


es gene 


Vary 


those I 


juiring 
se exhibi 


ting 


0.060 pct 


pet N 


th 


ib 
12.36 


1ded to 


rresponding to ton. These 


per 


rolled direct from a 95 in 


mill. Th 


heating 


square 
« ingot 


furnace 


2350 ° F 
temper: 2120°F 
these billets on the surface 


rolling of the standard 18-8 grades of 


in the 
ature 

The 
od 


appearance 


as any 


Fig. 16—These forged cone specimens are of an alloy con 
taining 0.10 pct (‘max 30 pet nickel, 20 pct 
chromium and 4 Cones C, D, E, and F 
show a marked improvement in forgeability over conés A and B 


Fig. 17—These are forged cone specimens of a 0.10 pct 
carbon, 30 pct nickel, 20 pet chromium, and 12 pct molyb 
denum alloy. Forgeability of cones D and E is better than 


of cones A, B, C, and F 


carbon 


pct molybdenum 
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Fig. 18—These are typical of Type 316 rolled billets, 635 in 

square, 434 in. round, and 4 in. round from 95%-in. ingots 

when 2 Ib of misch metal per ton of steel are added to the 
ladle of basic electric-arc furnace metal 


steel. Prepared billet yields for this heat of steel were 
) pct more than what was considered standard 

Fig. 19 shows a truckload of hot rolled slabs, Type 
316, made by rolling 95% in. ingots direct to slabs. The 
heat was alloyed with 2 lb of misch metal per ton, the 
steel analyzing 0.011 pct Ce and 0.011 pet La. The slabs 
were then prepared and rolled to strip 734 x 0.148 in 
Fig. 20 shows the appearance of the hot rolled strip 
coil. Note the appearance of the edges. There is no 
sign of corner checking and the edges are as good as 
those obtained on Type 430 and Type 304. The yield 
from ingot weight to hot rolled strip weight increased 
6.8 pct on the addition of misch metal in amounts of 
2 lb per ton addition made in the ladle from basi 
electric arc metal 

Another grade of arc melted stainless normally con- 
idered difficult to hot work is a grade designated by 
Carpenter as Type 316X. This has the following 
nominal composition: 0.06 pet C; 1.75 pet Mn; 0.40 pct 
Si; 18.00 pet Cr; 9.25 pet Ni; and 2.25 pct Mo. The 
nickel content for the chromium and molybdenun 
contents is relatively low. This causes about 30 pct 
ferrite in the austenitic structure and up until the addi- 
tion of misch metal the alloy was considered non-hot- 
workable. The addition of 8 lb of misch metal per tor 
to this analysis melted in the Ajax or 4 lb per ton in 
the are furnace enables ingots to be roll cogged direct 
to slabs or round or square billets for rerolling into 
strip. In this case, cerium and lanthanum contents of 
0.020 pet and more lead to a commercial product 
whereas the alloy without misch metal is not, and was 
not, obtainable in wrought products 

Another example of the effect of misch metal on 
improving the hot working properties in a standard 
grade is that of Type 310. This grade has the following 
composition limits: 0.25 pet (max) C; 2.00 pct (max) 
Mn; 1.50 pet (max) Si; 24.00 to 26.00 pct Cr; and 19.00 
to 22.00 pct Ni. Normally this grade has some measure 
»f hot ductility, but in many cases proves exceedingly 
difficult to hot work. A misch metal addition of 4 Ib 
per ton in the arc furnace and 8 lb per ton in the Ajax 


Fig. 19—This is a truckload of 7x3-in. Type 316 slabs with 
misch metal additions of 2 ib per ton, basic electric-arc 
furnace metal 


Fig. 20—Hot-rolled strip 734x0.148 in., Type 316 stainless, 
was made from slabs shown in Fig. 19. There are no cracks 
along the edge of the strip 


furnace increased the average billet yields of square 
and round bars by 6.7 pet. Slab rolling of this analysis 
from 95% in. square ingots always has been a trouble- 
some cogging operation. The misch metal additions 
make it possible to consistently roll slabs free of in- 
jurious checks, and as such, the slabs require very 
little preparation 

Type 308 stainless steel is another grade that will 
exhibit so-called in and out hot working properties 
In this case, the problem can either be that of the steel 
being unbalanced chemically or of the steel having 
hot-short tendencies because of a particular melting 
procedure Experimental and production data have 
shown that a misch metal addition of 4 lb per ton in the 
are furnace will produce metal with consistently good 
hot working properties and an average billet yield 
increase of 4.8 pct over heats made without misch 
metal. In Carpenter Steel Co.'s practice, the most 
benefit has been obtained by being able to roll cog 
953 in. square ingots to billets, rather than cogging 
7 in. ingots on a 16-in. mill, which was necessary be- 
fore misch metal was used as standard practice 


Conclusions 

1—The rare-earths are effective in improving the 
hot-workability of austenitic, or partly austenitic 
grades of stainless steels containing 4 to 70 pct Ni, and 
10 to 60 pct of elements from the group of chromium 
molybdenum and tungsten, the amount of any one 
element of the group of chromium, molybdenum and 
tungsten not to exceed 30 pct 

2—The nickel content determines the minimum and 
maximum amounts of cerium and lanthanum needed to 
obtain improvements in hot working 

3—At any nickel content, a specific alloy can have a 
critical cerium and lanthanum content narrower than 
that indicated by the nickel content, but this content 
will be within the broad range determined by the 
nickel content and will be influenced primarily by 
such alloys as molybdenum, copper, tungsten, et« 

4—-Alloy additions of cerium and lanthanum in the 
range of about 0.02 to 0.04 pct are effective in pro- 
moting better hot-workability in high frequency Ajax 
and basic electric arc melted alloys such as Type 316, 
310, 308, etc 

5—Alloy additions of cerium and lanthanum in the 
range of 0.08 to 0.18 pct are effective in achieving hot- 
workability in such alloys as Carpenter #20 (nickel- 
chromium-molybdenum-copper) and other high al- 
loyed stainless steels for corrosion resistance and high 
temperature strength 
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Fig. 3a—Mg-Li cold rolled, 35 pct Fig. 3b—Mg cold rolled, 25 pct Fig. 3c—Mg-In cold rolled, 20 pct 
elongation; 3 pct oxalic acid etch elongation; picral-acetic acid etch, elongation; acetic acid acetone 
500 diam 500 diam etch, 500 diam 
Toble 100. Summary of Results illustrated in Fig. 5, where the thickness is reduced 
from A to B by twinning so as to place the basal 





Mg-In M ’ mn 
. : plane in the rolling plane. This concept together 
with both basal and pyramidal slip and a nearly 


16 195 





ratios of the angular 
s follows: Mg-In, 1.16 
Fig. 5—Schematic movement of basal plane into rolling 
plane by twinning of low c/a structure. Twinning decreases 


defined since the 
thickness from A to B and thus is promoted by rolling 


pronounced trans- 
i alloy was expected be- random recrystallized texture may account for the 
aches that of titanium useful hot rollability of these alloys 
These observations are summarized in Table III 


which show even more 
It is hoped that the results will stimulate further 


ead The indication that 
ightly more transverse investigation of these phenomena 
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twinning during rolling. This is P. W. Bakarian: Trans. AIME (1942) 147, p. 266 
Fig. 4b—Mg hot rolled, 100 pct Fig. 4c—Mg-In hot rolled, 100 pct 
elongation; picral-acetic acid etch, elongation; acetic acid acetone 
500 diam etch, 500 diam 
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puzzling, since with the 


ling plane because of preferred 


Fig. 4a—Mg-Li hot rolled, 100 pct 
elongation; 3 pct oxalic acid etch 
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Nonporous Refractory Coatings 
Permit Use of Mild Steel for 
High Temperature Applications 











the panels is smooth and black o1 
color, its purpose being to prevent 
) I l baftle plates have a comparatively 
Mo. } F af ! rough surface brought about by the inclusion of a 
been impr ling ligher proportion of refractory material. This re- 
1951 | in a greater resistance to high temperatures 
i thermal shock 
heater with the panel and baffle plate pro- 
is process has operated for 5000 hr ata 
temperature of approximately 850°F at which 
I I is about at 1148 F. On occasions, 
nowever, t panel temperature has been as high 
90 F ; the baffle temperature 1274 F 
temperature attained in these test 
of doubling the normal heat input of the 
while the panel was radiating on to the sur- 
at approximately room temperature 
s on the unprotected baffle late wer 
1700 hr because the caling 
having an adverse effect on the periorm- 
pliance, and the l rial had 
re Was no apprec iable change 
he protected baffle plate after heating 
and after 5000 hr heat x It was still 


factorily after 7000 hr under the same 


application it is used on a number: 

appliances. A finish similar to that 

protection of baffle plates has been 

ipplied with success to a fabricated mild steel mix- 

ng chamber, used in connection with some experi- 

ment in which products of combustion at about 

1472 F passed through a central tube while com- 

paratively cool recirculated gases were fed into the 

annulus surrounding the tube before being mixed 

with the hot gases. Unprotected mild steel had a life 

pal empera- of only a few hours, whereas the upgraded mild 

this heater orig lly was lim to 650 F teel appeared to be in its original condition at the 

that temperatur he ba l \ a end of the experiments 

2 F, above whi is i é h The smooth finish as applied to the panels of 

teel for long pet f scalin i radiant heaters is claimed to be suitable for use up 

ant panels a1 » pl f a to a temperature of 1238°F and the refractory finish 
now p! : Stoneclad pri for baffle plates for temperatures up to 1472°F 
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Work Hardening-Reannealing Cycle of Pure Silver 


—— of literature reveals the scarcity of 
experimental evidence relating to work harden- 
ing and reannealing of silver With the exception 
of the well-known X-ray investigation of silver and 
other metals by W. A. Wood," the effect of progres- 
sive cold working has not been studied. The deter- 
mination of thermal stability of silver in the work- 
hardened state by means of isochronal or isothermal 
annealing has been confined apparently to very high 
In the survey made, no study was 
encountered which endeavored to produce a com- 
plete picture of the changes in various properties due 
to cold working and subsequent reannealing. To fill 
these gaps and to assemble data that could be used 
for the determination of activation energies and of 
frequency coefficients of primary recrystallization, 
a systematic experimental approach, which was 
developed by one of the authors, has been applied 


reductions only 


to pure silve! 
Material and Processing 
The silver used was Handy and Harman fine 
ilver, with a spectroscopic analysis at the testing 
stage of Cu, 0.0001 to 0.001 pct; Te, 0.6001; Pb, Si, 
Ca, Mg, and Mn, traces. The material was supplied 





Table |. Processing of Handy and Harman Silver for Testing 


Rod 0.406 ir 


1 br at 600° 


: st rising tex 
rature of therrn 
electric properties 
be described sey 


tely 
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in the form of a rod 0.406 in. diam and was converted 
into test samples according to the procedure con- 
densed in Table I. It should be mentioned that air 
annealing was adopted to simulate industrial prac- 
tice, though it was realized that annealing in a 
neutral gas or in a vacuum would be preferred 

The usual precautions have been taken to elimin- 
ate any structural changes and property changes re- 
sulting from the storage of the samples prior to 
annealing or testing. Thus the wires were kept at 
the fully annealed stage, and the final wire drawing, 
which produced the desired degree of work harden- 
ing, was done just prior to the final annealing or 
testing. During the short waiting period, the samples 
were kept in a thermosflask filled with ice. Even 
with these precautions some strain-age-hardening o1 
self-annealing could occur 

To test such a possibility, wires of different re- 
ductions were prepared in the manner adopted and 
portions of them were immediately tested. The re- 
maining portions were similiarly tested after dif- 
ferent periods of storage, both at room and melting- 
ice temperature. Within experimental error, all 
samples obtained from a wire of a given percentage 
f reduction yielded identical values. This result 
qualified the material for further tests and interpre- 
tations, because it showed that either strain-age- 
hardening and self-annealing were absent, or that 
these effects fully balanced each other 

The final annealing was carried out in an electric 
resistance furnace automatically controlled to with- 
in + 10°F. It was realized that the temperature 
fluctuations were greater than desired for this type 
of work. To diminish the errors due to fluctuations 
of temperature, the hot junction of the thermo- 
couple was placed as close to the samples as possible; 
the time of soaking was reduced to 15 min; and the 
number of samples annealed at different tempera- 
tures was increased 

It will be seen from Table I that some tests were 
performed on the same material at rising tempera- 
ture. These will be discussed elsewhere 

Room temperature testing was limited to the de- 
termination of some of the mechanical properties 
that are known to be additive in a degree sufficient 
to be used for indirect study of the kinetics of the 
reannealing process. Tensile tests, carried out on a 
manually operated J. Camillon machine, accurate 
to within %4 lb, permitted the determination of the 
ultimate stress (U.S.) and of the 2 in. elongation, 
(A,). The proof stress (o,) has been determined 
from a series of bend tests carried out on a Tinius 
Olsen Stiffness Tester by using the offset method 
This involved accurate determination for each 
sample of load-angular deflection curves, finding a 


NOVEMBER 1951, JOURNAL OF METALS—981 








ferent reductions, z, and a standard fully annealed 
silver wire, show a2 steady increase as a function of 
the percentage of reduction. This increase, it will 
be seen, is very similar to the increase of ultimats 
and proof stress 

The strength change index, p,, introduced by 
Krupkowski" has been calculated from ultimate 
stress data and values of the percentage of reduction 


a Z 
by means of the relationship p US ( l ) 
100 


) 
It may readily be shown that } —, where P 
is the breaking load and F,, the section area prior 
to final wire drawing. It may be seen in the figure 
that this index slightly increases for low reductions 
to reach a shallow maximum at about 21 pct. This 
is followed by a steady decrease, slightly accelerated 
after 60 pct reduction 

The last three curves in the figure, namely, T 
and T,, represent, as a function of the percentage o 
reduction, the characteristic temperatures of pri- 
mary recrystallization, which is the phenomenon re- 
sponsible for the main change in properties on re- 
annealing. The data for plotting the T, and T 


curves, illustrating the temperatures of the begin- 


‘ 
I 


ning and of the end of recrystallization, respectively, 
have been derived from Figs. 2 and 3; while data 
for the T. curve, that is, the temperature of the 
middle of recrystallization, have been taken from 


Fig. |—Effect of cold work on properties of pure silver 
tudies of thermoelectric properties at rising tem- 


is the elongation on ¢ in the proof stress from bend 
U.S., the ultimate stress Krupkowski's stre perature. It may be seen that in silver, as in othe 
F the thermoelectric power of couples Ag _ . ’ s . . 
werked/Ag annealed t the maximum thermoelectric metals, the temperature range in whic h the main 
force developed by the same couples; 7 ry, Ty, the tempera change in properties takes place on reannealing, 
tures of the beginning, middie, and end of recrystallization - , 7 
respectively, all plotted vs. the percentage of reduction pro visibly lowered for higher reductions. Unlike other 
Guces by cece Comperntase Crawing metals studied by this method, however, for reduc- 
tions greater than 60 pct, silver exhibits an enlarge- 
ment of the temperature range (vertical distance 
between T, and T, curves). It appears that the be- 
ginning of recrystallization is decreasing with reduc- 
eal signifi tion more rapidly than is the middle and the end of 


hould the process (Figs. 2 and 3) 
l An analysis of all the curves shown in Fig. 1 pe 
ity. The 


{ 
9} 
«i 


r- 
mits distinguishing three regions of plasti } 
first region between 0 and approximately 
duction is characterized by rapid increases or de- 
creases in most of the curves. The limit of this 
region is quite well defined by the percentage of 


pet re- 


reduction at which elongation reaches its low value 
1d by the maximum in the p,, curve. The second 
region between approximately 21 and 60 pct reduc- 
tion shows a steady run in most of the curves. The 
border between the second and the third region 
not easy to locate This can best be done wit 
reference to Fig. 4, which is a supplementation of 
Fig. 1. Wood" in his work on silver of similar purity 
to that used in this study, encountered a growing 
tendency toward self-annealing after 65 pct reduc- 
tion, i.e., in the third region of plasticity 
Figs. 2 and 3 show the change in mechanical 
properties of wires with a selected percentage of 
reduction caused by 15 min reannealing at different 
temperature levels. All curves in these figures are 
determined by suitably spaced experimental 
its. The proof stress o, curves show least devia- 
tion of experimental points, and they appear to be 
more suited for revealing small differences en- 
countered than are the ultimate stress curves. For 
nstance, proof stress and elongation curves for 80.1 
and 60.5 pct reductions (Fig. 2) show quite well a 
mall shift of the main change in the direction ex- 
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Fig. 2—Change in the mechanical properties of silver cold 
drawn to 6.0, 21.0, 60.5, and 80.1 pct reduction due to 
annealing for 15 min at the temperatures indicated 
pected, while the ultimate stress curves exhibit too 
great a scatter of points to permit any differentiation 

All the curves in Figs. 2 and 3 can be divided into 
arts; two almost level and straight portions 

low and high temperatures of annealing joined 

a third curved portion. The temperature at which 
temperature straight portion joins the 
curved segment is that of the beginning of primary 
recrystallization, while the temperature at which 
the curved segment merges with the second straight 
portion is that of the end of recrystallization. Obser- 
vation of the temperatures at which tangents drawn 
to the straight line portions depart from the curves 
yields the values of '", and T,. The temperatures of 


rie low 


the beginning and oi the end recrystallization ob- 
tained from all reannealing curves in Figs. 2 and 3 
have been plotted on Fig. 1, using the same markers 
as in the curves from which they have been derived 
There is some scatter of points, but it is not large 
It may therefore be concluded that all three proper- 
ties of the wire with a given percentage of reduction 
exhibit the main recrystallization change in the same 
range of temperature 

Microstructure of silver wires with different de- 
grees of cold working has been studied at a magnifi- 
cation of 500X. In general, the structural changes 
revealed by this work follow the pattern exhibited 
by other metals on progressive work hardening and 
reannealing. Because of that only a very brief sum- 
mary of results needs to be given. In the first re- 
ion of plasticity, that is, for reductions lower than 


21 pet, the microscope revealed the presence of slip 
well as a slight departure from equiaxiality 
In the second and third re- 


ines, as 


of the original crystals 
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TEMPERATURE OF ANNEALING 
Fig. 3—Change in the mechanical properties of silver cold 
drawn to 16.5, 40.5, 75.0, and 95.0 pct reduction due to 
annealing for 15 min at the temperatures indicated 

gion of plasticity, a progressively better developed 
fibrous structure was observed. The effect of an- 
nealing was studied on wire with 40.5 pct reduction 
Small annealed areas were first observed on samples 
annealed for 15 min at 225°C. The wire annealed at 
250°C produced a structure almost completely free 
of work-hardened state. These results, when con- 
sidered together with reannealing curves for z 
40.5 pct in Fig. 3, permit a statement that the change 
in mechanical properties of cold- worked silver, as in 
other metals, is due to primary recrystallization; 
that is, the conversion of the work-hardened struc- 
ture into a fully annealed, stress-and-distortion-free 


Ss Gs 





WORKIN . RE TION 
Fig. 4—Activation energies and frequency coefficients 
mary recrystallization of cold-drawn silver as a function 
percentage of reduction 
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secured 
in 


the main change in mechanical and physical values of x required for this step can be 
reannealing has been ascribed to “re- from reannealing data such as those collected 
it follows that these phe- Appendix 1, if the properties studied are additive to 


on 


relaxation,’ 


are identical with primary recrystallization a degree sufficient for the purpose. The properties 
studied in the present work are considered as ade- 
Activation Energy and Frequency Coefficient quately fulfilling this condition. The calculation of 
[he data secured from isochronal annealing ex- the amount of the fully annealed state in partially 
ments and collected both in Appendix 1 and annealed samples x has been obtained from the 
sed for calculation of two co- proportion 
i t erg , he 
activation energy and the (P P,) 


ff primary recrystallization 
uitably spaced reductions be- (P, -— P,) 
reduction have been tested, the 
as a function of the degree 

o be determined. The calcu- 
that primary recrystal- 


when using properties which decrease on reanneal- 
ing, viz., ultimate stress and proof stress from bend- 


ing. When a property that increases on reannealing 

is used, such as elongation, both the numerator and 

the divisor in the proportion are multiplied by (-—1) 

In the above proportion, P, designates the value of a 

property found when testing a fully cold-worked 

sample without any annealing; P,, the value of the 

same property found after annealing for 15 min at 

temperature T°K; and P,, the level of property 
values found in totally annealed samples 

With the exception of the data for z 21.5 pet 

all the data assembled in the Appendix have been 

raction of a unit volume used and values of log-log 1/(1—x) calculated. These 

nple which has fully whether derived from the values of ultimate stress, 

reannealing. Depend- proof stress, or elongation of a given percentage of 

i.e., on temperature reduction of the wire, have been plotted on the 

time in hours, t, x may same diagram vs. the inverse of the absolute tem- 

between 0 and 1. The expression perature of annealing. The points for each per- 

: the re- centage of reduction arranged themselves into 

ind k straight lines. The spread of points present intro- 

duced some uncertainty as to the true position of 

the same com- the straight line. To secure straight lines, the slope 

and C are con- of which would yield the value of activation energy 

e it is neces- i, five different observers were asked to determine 


activated process In the absence of 
henomena uch as strain-age- 
growth, primary 


expression 


vation energy of 


The numerical their version of the slopes of the straight line for 


Fig. 5—Space diagram showing the 
agreement between the experi 
mental and calculated values of 
the ultimate stress of silver cold 
drawn to the reductions indicated 
ond subsequently annealed for 15 
min at the temperatures indicated 
Open circles, experimental; filled 
in circles, calculated 
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Fig. 6—Space diagram showing the 
agreement between the experi 
mental and calculated values of 2 
in. elongation of silver cold drawn 
to the reductions indicated and 
subsequently annealed for 15 min 
at the temperatures indicated 
Open circles, experimental; filled 
in circles, calculated 


























each system of points. The slopes thus obtained 


resulted in average values of the activation energies 
and frequency coefficients of each degree of cold 
work. A plot of these coefficients vs. the correspond- 
ng percentage of reduction is given in Fig. 4. The 
values for 21 pct reduction have been obtained by 

rpolation. The differences between the different 
alone, make these points uncertain to 
within + 4000 cal per mol. It may be seen in Fig. 4 
that the activation energy remains constant up to 
65 pct of cold work and diminishes steadily for 

‘r percentages of reduction. The constant level 
s approximately at 30,000 cal 


observers, 


ot activation energy 
per mol, a value found previously for copper, nickel, 
and iron 

The values of the frequency coefficient, c, 
plotted on Fig. 4. They arrange themselves into a 
curve which slowly increases up to about 60 pct 
This decrease 


are also 


reduction and subsequently decreases 
$s very rapid 


Verification of the Treatment Employed 
There are two pertinent questiuns which demand 
how accurately do the equations used 


an answel l 
in the treatment describe the course of reannealing, 
and 2—how well are the activation energy and the 
frequency coefficients determined? A positive an- 
swer to both questions can be secured by confronting 
the experimentally found values of three properties 
studied after 15 min annealing at different tempera- 
tures with corresponding values derived by calcula- 
tion from the equations used. A reasonably good 
coincidence of calculated and experimental points 
should constitute a proof that both the equations 
employed, as well as the constants used, are sound 
Toc great a difference between the experimental 
and calculated values would indicate that either the 
equation or the constants are wrong. An additional 
investigation would then be necessary to secure an 
individual answer to the two questions 

The detailed calculations of the P, values are 
omitted here. The steps involved in arriving at the 


TRANSACTIONS AIME 


calculated P, values are as follows: 1—substituting 
into the main equation numerical values of A and c 
found for silver with the percentage of reduction 
examined, together with numerical values of R and 
t 15 min; 2—finding numerical values of x from 
this equation for several assumed values of tem- 
perature, T; 3—substituting these values of x into 
the auxiliary equation, 2 (P.-P,)/(P.-P.), 
together with numerical values of P, and P,; and 
4—-solving this equation for P,. The values of ulti- 
mate stress, proof stress, and 2 in. elongation thus 
obtained have been plotted against the assumed 
temperatures of annealing (filled double circles in 
Figs. 5, 6, and 7). The experimental data from Ap- 
pendix | have also been plotted on the same diagram 
(open double circles). As may be seen from thes« 
figures, in which all results are collected, the calcu- 
lated and experimental points lie as closely togethe1 
Because the experimental and 
calculated curves coincide, a conclusion can be 
drawn that the equation used truly depicts the 
course of reannealing of silver, and that the numeri- 


as can be hoped for 


cal values of the activation energy as well as those 
of the frequency coefficients have been determined 
to a satisfactory degree 


Discussion 

A few remarks concerning the curves of the acti- 
vation energy and of the frequency coefficient, Fig. 4, 
are in order. Up to a 60 pct reduction, both these 
curves behave like similar curves for iron and nickel 
tested by this method. Here, the activation energy 
remains almost constant and at the same 30,000 cal 
level, while the frequency coefficient increases. Such 
a run of the curves is quite in conformity with the 
principles of the activation mechanism, though it is 
not entirely clear why all three metals should re- 
quire the same activation energy for primary re- 
crystallization 

Above the 60 pct reduction, that is, in the third 
region of plasticity, both the activation energy and 
the frequency coefficient of primary recrystalliza- 
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with 
activation energy, it would be 


tion of silver diminish. This is unexpected, fo 
the lowe! 


reasonabl » expect the frequency coefficient to in- 


The rification treatment reveals (see Figs 


approximately the same closeness of 


and calculated points both below and 


pet reduction. This means that the 


frequency coefficients and 

h determine the result of calculation, 

irate throughout the 

tudied. It appears from the above 
lowering of the act 


activation 


whole range of 
that 
ation energy and of the 


FH) 


cient l 


after 60 pct reduction is real 

associated with the 
reannealing curves after 60 pct 
ed. In the region above 60 pct reduction, 
n properties extends 


quency coe 
that it differences ex- 


reduc- 


I over a longer interval 
1f temperature; the end of recrystallization (T,) re- 
maining about the , while the 
crystalliz moves rapidly 


same beginning of re- 


tem- 


increases, 


zation towards room 


perature as the pe reduction 


Fig. 1 


The behavior of this kind 


reentage of 


no doubt a demon- 
ration of the te ndency to self-annealing, to which 
verely cold-worked silver is known to be prone 
work of Wood” reveals that silver, very similar 
purity to that used in this work, started to self- 
inneal when 60 pct reduction was reached 
Thus, the 


coefficient 


unexpected lowering of the frequency 


when the activation energy decreases 


hould be linked with the causes and the mechanism 
f 


of self-annealing. As our knowledge of self-anneal- 
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Fig. 7—Space diagram showing the 
agreement between the experi 
mental and calculated values of 
the proof stress from the harden 
ing of silver cold drawn to the re 
ductions indicated and subse 
quently annealed for 15 min at the 
temperatures indicated. Open cir 
cles, experimental; filled in circles 
calculated 


ing is limited, the clarification of the issue raised 
by this work must be left for future research 

In view of the findings presented in this paper, it 
appears that the recovery of mechanical properties 
of cold-worked silver on reannealing is caused by 
primary recrystallization, that is, principally by 
conversion of the fully work-hardened state into a 
fully annealed one, and that this process is some- 
what affected by the tendency for seif-annealing, 
which occurs at reductions higher than 60 pct 
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Effect of Rare-Earth Metals 
On the Properties of Extruded Magnesium 


The specific effect of various rare-earth metals on the room- and 
elevated-temperature properties of magnesium has been evaluated. Alloys 
containing didymium exhibit the highest tensile and compressive strengths 
ct room and elevated temperatures. All the rare-earth metals increase the 
creep resistance of extruded magnesium at temperatures in the range of 
400° to 600°F, but the degree of enhancement depends on the temperature 

and on the concentration of the added metal. 


be effects of rare-earth metals on the properties 
of sand-cast magnesium were discussed in some 
detail in earlier paper by the author.’ The present 
paper deals with the effect of the same alloying ele- 
ments on the properties of extruded magnesium 
This investigation also had as its aim the develop- 
ment of a wrought alloy having a better combination 
of room-temperature strength and ductility and ele- 
vated-temperature strength and creep resistance than 
is found in magnesium-Mischmetal-manganese 
alloys, which have been reported earlier.** The only 
known attempt to study wrought magnesium alloys 
containing pure cerium instead of Mischmetal was 
made by Mellor and Ridley.* They found that in the 
form of rolled bars there is a definite, optimum 
cerium content for creep resistance at 200°C and 
that the creep resistance of these alloys at 200°C is 
significantly improved by heat treatment at 550° to 
580°C. 

In the present investigation the compositional 
variation in mechanical properties of the following 
alloy systems is presented: 1—magnesium-Misch- 
metal. 2—magnesium-cerium-free Mischmetal. 3 
magnesium-didymium. 4—magnesium-cerium. 5 
magnesium-lanthanum. Alloys containing predom- 
inately praseodymium are not included in this series 
because of the lack of this material 


Experimental Procedures 


The alloying ingredients used in preparing the 
alloys described herein are the same as those re- 
ported in the earlier paper.’ Cerium-free Mischmetal 
is the rare-earth mixture remaining when the cerium 
is removed from Mischmetal, which contains all the 
rare-earth metals as they occur naturally in mon- 
azite sand, the ore from which Mischmetal is pro- 
duced. Removal of both cerium and lanthanum from 
Mischmetal leaves what is commonly called “‘didym- 
ium,” consisting predominantly of neodymium and 
praseodymium. Although the composition of the par- 
ticular batch of each metal used may differ some- 
what from the analysis presented previously, these 
differences are not great enough to warrant repeat- 
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ing the specific composition of each material. The 
electrolytic magnesium used as the starting material 
in these alloys has the same typical analysis as that 
given in the earlier paper. 

The alloys were prepared in small laboratory melts 
applying all the necessary precautions for alloying 
rare-earth metals with magnesium described by 
Marande.’ Most melts were large enough to cast one 
3 in. diam billet 10 in. long. In a few cases, particu- 
larly the didymium-containing alloys, the lack of 
sufficient amounts of the rare-earth metal limited 
the size of the billet to 6 to 8 in. All billets were 
scalped to a diameter of 2 15/16 in. and faced to a 
length of 9% in. as limited by the size of the extru- 
sion container 

The alloys were extruded into % in. diam rod on 
a 500-ton direct-extrusion press using a 3 in. con- 
tainer. The details of the extrusion step are: billet 
preheat, 925°F (2 hr); container temperature, 900°F; 
die temperature, 900°F; extrusion speed, 10 ft per 
min; reduction ratio, 36:1; and percent reduction, 
97.3. The lower melting point of alloys containing 
didymium’' necessitated reduction of the extrusion 
speed to 5 ft per min in order to prevent hot shorting 
during extrusion. Adequate lengths were cropped 
from both ends of each extruded rod to assure that 
all the material used for tests was extruded under 
uniform conditions. 

Tensile and compressive properties at room tem- 
perature are reported in the several conditions of 
heat treatment. The ASTM designations are used to 
distinguish these conditions as follows: 

T5—Direct age at 400°F (16 hr) 

T4—Heat treat at 950°F (4 hr) for alloys contain- 

ing didymium 

T4—Heat treat at 1050°F (4 hr) for all other alloys 

T6—T4 age at 400°F (16 hr) 

The lower heat-treating temperature for alloys con- 
taining didymium is necessitated by the lower melt- 
ing point of these alloys. All heat treatments were 
conducted in electrically heated, circulating-air fur- 
naces. A protective atmosphere containing 0.5 to 1.0 
pet sulphur dioxide was used for the high tempera- 
ture heat treatments. 

Tension and creep specimens 6% in. long and com- 
pression specimens 1% in. long were cut from the 
extruded rod. A reduced section of 3s in. diam was 
machined on the tension specimens, whereas on the 
creep specimens a reduced section of 0.450 in. diam 
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Alloy legend applies also to Figs 2 to12) 


e z 
PERCENT RARE EARTH 


Tensile yield strength at room temperature 
The end the comp! pecimens 
ith the cylindrical side, and 

he full ‘2 in. diam without 

and compression test 

tandard ASTM testing 

reduced section 

vel ss length. Yield 
determined by tl I method fron 
-strain curves 2 pet deviation 


line. Each res the average of 





testing have been described elsewhere.” " Space does 
not permit the presentation of the complete creep 
data either in tabular or graphical form. Instead, the 
creep characteristics of each alloy are defined by the 
following three parameters: 
1—Limiting stress to give 0.1 pet creep extension 
in 100 hr 
Limiting stress to give 0.2 pct total extension 
in 100 hr 
Limiting stress to give 0.5 pct total extension 
in 100 hi 
These quantities were derived from log stress vs. log 
extension plots of the original data as described 
earlier The total extension figures include the 
creep extension as well as the initial extension re- 
ulting from application of the load. The brevity of 
these tests prohibits any great significance being 
ascribed to the measured creep rates, which conse- 
quently are not reported in this paper. The method 
of determining electrical conductivity has been de- 
cribed in an earlier publication 


Discussion of Results 


Effect of Extrusion Speed and Temperature: In 
order to obtain the optimum properties, it is neces- 
ary to extrude the alloys under 
conditions. The two most important variables in this 
process are temperature and speed. Reduction also 
has some effect on the properties of magnesium ex- 


carefully selected 


trusions; however, in the case of extruded round 
rods, the properties are relatively insensitive to re- 
duction over a wide range—as from 16:1 to 144:1 
The reduction used in these experiments falls well 
within this range 

The effect of extrusion speed was determined on 
an alloy containing 5 to 6 pct Mischmetal 1.8 pet 
Mn (according to the ASTM system of designation, 
this alloy is known as EM62). It was found that in 
the range of 5 to 25 ft per min, extrusion speed has 


significant effect either on the room or elevated- 
containing 


able Oo 


properties of rare-earth 
Davis, and Eastwood’ were 


temperature 


alloys. Grube 





Table |. Effect of Extrusion Temperatures and Heat Treatment 


Composition, Pet 


Mischmetal 


Tensile and Compre: sive Properties 
Pet E* TYs 


As-Extruded 


29 28.4 


24 2 : 


Cendition 


Limiting Creep Stresses 


Extrusion Conditions 


Temperature Speed 
Ft per Min 


TYs cys 
Room Temperature 


TS Cendition 


100-Hr Creep Limits — 1000 psi 


0.2 Pet 6.1 Pet 
Total Creep 
Ext Ext 


toner 


‘ 
) 


0.2 Pet 
Total Total 
Ext Ext Ext Ext 


0.1 Pet 0.5 Pet 
Creep Total 


0.5 Pet 


ner 
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Fig. 2—Compressive yield strength at Fig. 3 
room temperature 


how some increase in strength with decreasing 
speed in the range of 27.3 to 4.11 in. per min 

Considerable work performed in our laboratory 
has shown that the maximum strength in magnesium- 
rare-earth alloys in the heat-treated and aged con- 
dition (T6) is developed by extruding at 900°F o1 
higher. Results of one such experiment are pre- 
sented in Table I. Although the lower extrusion tem- 
perature produces definitely higher yield strengths 
in the as-extruded and in the T5 conditions, signif- 
icantly higher properties are obtained in the T6 con- 
dition by extruding at 900°F. Increasing the tem- 
perature above 900°F does not produce an increase 
in strength large enough to warrant use of such 
higher temperatures with the attendant greater wear 
on extrusion equipment and dies. The effect of ex- 
trusion temperature is more extensively presented 
by Grube, Davis, and Eastwood 

Effect of Heat Treatment: The data included in 
Table I also show the pronounced yeneficial effect 
that heat treating magnesium-rare-earth alloys has 
on the elevated-temperature strength and creep re- 
istance. Whereas the alloy extruded at 700°F has 
the best combination of tensile and compressive prop- 
erties at room temperature in the T5 condition, much 
higher strengths are exhibited by the same alloy in 
the T6 condition at elevated temperature. The supe- 
iority of the T6 condition is greater the higher the 
temperature of test. The comparison of creep prop- 
erties is even more striking, as shown by the appro- 
priate data in the same table 

Thus, it is apparent that in order to develop the 
maximum creep resistance and strength at elevated 
temperature in extruded magnesium-rare-earth 
alloys, the extrusion must be performed at 900°F o1 
higher and the alloys must be heat treated and aged 
Lower heat-treating temperatures produce propor- 
lowe! Increasing the heat- 
treating time beyond 4 hr does not produce any 
further advantage 

Tensile 
Complete 


tionately 


properties 


of Mg-Rare-Earth Alloys 
tensile properties at room temperature, 


Propertie: 
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Tensile strength at room 
temperature 


T6 CONDITION ” C C {  T6 CONDITION 


27 . 4 6/0 2 ‘ 
PERCENT RARE EARTH 


Fig. 4—Elongation at room temperature 


300°, 400°, 500°, and 600°F have been determined 
on the five magnesium-rare-earth alloy systems as 
a function of composition. The results are presented 
graphically in the form of property vs. composition 
plots in Figs. 1 to 8 inclusive. Because of the small 
number of compositions investigated, the points have 
been joined by straight lines 

One of the most significant observations to be 
made from the room-temperature properties depicted 
in Figs. 1 to 4 is the marked difference in the degree 
of age hardening exhibited by the various alloy sys- 
tems. In the as-extruded and in the heat-treated 
(T4) conditions, magnesium-lanthanum alloys show 
a decided superiority over all the other alloy sys- 
tems, which differ little among themselves. How- 
ever, magnesium-lanthanum alloys show no age 
hardening whatsoever, whereas all the other alloys 
increase in strength upon aging. In general, the de- 
gree of aging amons the other four alloys increases 
magnesiura-cerium. 2 
magnesium-cerium-free 


in the following oraer: 1 
magnesium-Mischmetal. 3 
Mischmetal. 4—magnesium-didymium. This is a 
direct confirmation of the observations made on the 
corresponding cast alloys.’ The result of these marked 
differences in age hardenability is to give magnesium- 
didymium alloys the highest strength in the heat- 
treated and aged condition (T6). In the directly 
aged state (T5 condition), the full extent of aging 
is not realized. Thus, magnesium-lanthanum alloys 
retain their as-extruded superiority in yield strength 
but the tensile strength of the magnesium-didymium 
alloys is significantly higher than all the alloys 

It can be seen from Fig. 4 that the high strengths 
of the magnesium-lanthanum alloys are associated 
with relatively low ductility. Magnesium-didymium 
alloys have, in general, the highest elongation. The 
ductility of all magnesium-rare-earth alloys goes 
through a definite maximum at about 1 to 2 pct alloy 
content. The initial increase in elongation is a result 
of the marked reduction in grain size effected by the 
addition of small amounts of rare earths. The elonga- 
tion decreases with further increases in rare-earth 


NOVEMBER 1951, JOURNAL OF METALS—989 








1000PS!I 


TENSILE STRENGTH 


PERCENT RARE EARTH 


PERCENT RARE EARTH soos 
Fig. 5—Tensile yield strength at elevated Fig. 6—Compressive yield strength at ele 


0 
temperatures T6 condition vated temperatures T6 condition 


$ 2 . 
PERCENT RARE EARTH 
Fig. 7—Tensile strength at elevated tem 
tion 
ause of the increasing amounts peratures T6 conditio 
lved intermetallic « ompounds >—_—_—_———,—— 
elevated-temperature tensile and con 
of magnesium-rare-earth alloys ‘igs. 5 
more straightforward picture. At all 


; 


vestigated in the range of 300° to 


fall in the following order of de- 
magnesium-didymium. 2 
Mischmetal. 3—magne 


magnes 


' ; " ety " ronperti 
ead in the strength propertie Fig. 8 — Elongation 
with increasing alloy cor I at elevated tem 
ium-lanthanum y peratures T6 con 


elongation The ) I dition 


PERCENT ELONGATION AT 400°F 


do not show very 
erature 


elevated temy 
tf ALLOY 


IW AT 600°F 


magnes! 
ition at 400 


and 11, res 


GAT 


depend 
f test an 
At 400 F 


‘ 2 ‘ *) 
markedly inferior PERCENT RARE EARTH 


CENT ELC 


PER 





Table I!. Tensile and Compressive Properties of Magnesium-Rare-Earth-Manganese Alloys 
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Fig. 9—100-hr limiting creep stresses at 400°F T6 condition 
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Fig. 10—100-hr limiting creep stresses at 500°F T6 condition 


all the other alloys and magnesium-didymium alloys 
have the highest p limits, particularly at the 
higher end of the composition range investigated 
The creep limits of magnesium-lanthanum alloys at 
500° and 600°F vary with compositien in a strikingly 
different manner from those of the other four alloy 
systems. Whereas the creep limits of the magnesium- 
lanthanum alloys increase regularly with the com- 
position, those for alloys containing Mischmetal, 
didymium, ceri1um-free Mischmetal, and cerium rise 
to a maximum at about | to 2 pct rare-earth content 
and decrease sharply from this value with increas- 
ing alloy content. The result of these compositional 
trends is that the creep resistance of the magnesium 

5.7 pct La alloy is the highest observed at 600°F 
Likewise at 500°F this composition tends to show 
higher creep resistance than is produced by the same 
juantities of the other solutes studied. The alloys 


cree 


20-— —= 


STRESS FOR 02% 
TOTAL EXTENSION 


STRESS FOR O!% 
CREEP EXTENSION 


\000PS) 


STRESS— 


TRESS FOR O5% 
TAL EXTENSION 
fo 
EARTH 


4 
RARE 


2 + 


PERCENT 


11—100-hr limiting creep stresses at 600°F T6 condition 


Fig 
24 , 


AS-EXTRUDED EXT. + 400°F(/6HR 


4 
S 


ViITY ~ RECIPROCAL MICROHM-CM 


OuCT 
Ouc 


* 
ExT +600°F HEAT TREATEC 


CON 


ELECTRICAL 


HT + 400°F (I6HR HT + 600°F(I6GHR 


e 2 
RARE EARTH 


2 4 


PERCENT 


4 


Fig. 12—Electrical conductivity at 95°F 


containing cerium-free Mischmetal exhibit the high- 
est to at the higher temperatures 
over the entire composition range. The decrease in 
all except the lanthanum-con- 
be attributed to a in 
0.005 in. for the 1 pct alloy 
for the 5 pct alloy content 
Magnesium-lanthanum alloys, on the other hand, 
retz in much finer size of about 0.0006 to 
0.0009 over the composition range of 2.5 to pet 
La as a result of the higher proportion of lanthanum 
in the form of compound. Perhaps the higher creep 
resistance of the lanthanum-containing alloys at 
600°F results from the combination of fine grain size 
and a large amount of undissolved compound 
Effect of Manganese on Magnesium 5 Pct Rare- 
Earth Alloys: In general, the addition of 2 pct Mn 
to magnesium 5 


resistance creep 


resistance of 
taining alloys may 
grain size from about 
content to about 0.002 in 


creep 
decrease 


a grain 


5 5.7 


5 pet rare-earth alloys increases 





Table III. Limiting Creep Stresses of Magnesium-Rare-Earth-Manganese Alloys 
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Fig. 14—Mg + 5.23 pct didymium as-extruded. X100 


Fig. 16—Mg 5.08 pct Mischmetal T6 condition. X250 


i a 


-— 
> 


5.23 pet didymium T6 condition. X250 Fig. 18—Mg + 5.69 pct lanthanum T6 condition. X250 


i by 1000 to 2000 psi at all Manganese also effects a definite improvement in 
Il). The room temperature te the creep resistance of magnesium-rare-earth al- 
binary magnesium 4 85 loys (Table III). Much the same order of relative 
ame conditi a ) creep resistance 1S maintained among the various 
comparabl ) magnesium-rare-earth alloys even with the addition 

the compressiv of manganese. This is not true at 600°F, where the 

im-manganese alloy containing pure cerium has the highest creep 

Mn alloy limits and the Mischmetal-containing alloy is sec- 

of tem- ond. The creep characteristics of magnesium + 1.85 

show Mn have been determined in various conditions of 
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Table 1V. Comparison of Optimum Didymium and Mischmetal Alloys 


Tensile and Compressive Properties 


Reom Temperature 
1000 psi 


Com pesitien 


2.47 Pct Mischmeta 


2.69 Pct Didyr 
5.08 Pct Mischmet 


Creep Limits 
(1000 psi) 
100°F 
400°F 
0.1 Pet 0.2 Pet 0.5 Pet 
Creep Total Total 
Extension Extension Extension 


1000 psi 


9.5 12.4 
9.0 12.3 
6.8 10.0 





heat treatment. Whereas at 400°F this alloy cannot 
compare with the rare-earth alloys, at 600°F in the 
heat-treated, quenched, and aged condition, its creep 
limits are not much lower than those of the magne- 
sium-manganese-Mischmetal alloy. Quenching the 
magnesium-1.85 Mn alloy from the heat-treating 
temperature effects a significant improvement in the 
creep resistance at 600°F. This treatment, however 
was not found to have any effect on the tensile pro- 
perties. Grube, Davis. and Eastwood’ found the 
same behavior in this composition. Furthermore, 
these investigators showed that in alloys containing 
Mischmetal and manganese, no significant improve- 
ment in creep resistance is realized by quenching 
instead of air cooling from the heat-treating tem- 
perature 

Electrical Conductivity The 
tivity measurements (Fig. 12) show trends similar 
to those found in the sand-cast alloys. The low 
lanthanum in magnesium is again 
demonstrated by these data. No special significance 
should be attached to the maxima in the curves for 
Two possible expla- 


results of conduc- 


solubility of 


magnesium-lanthanum alloys 
nations that might be proposed for this phenomena 
are: 1—differences in impurity content, and 2—dif- 
ferences in degree of preferred orientation 

Metallography: Selected micrographs of some of 
the magnesium-rare-earth alloys are shown in Figs 
13 to 18 inclusive. All the structures were revealed 
by etching with the standard glycol etchant which 
contains 75 parts ethylene glycol, 24 parts distilled 
water, and 1 part concentrated nitric acid. The as- 
extruded structures are given at a magnification of 
100 diam. In alloys containing Mischmetal (Fig. 13) 
and didymium (Fig. 14), as well as cer.um-free 
Mischmetal and cerium, the coinpound is present in 
the form of stringers of discrete particles. The mag- 
nesium-lanthanum alloy (Fig. 15), however, reveals 
many characteristics of the cast structure. The com- 
pound is present as clusters of small particles re- 
sembling a cast eutectic and in many parts of the 
structure the compound completely outlines the cast 
grains. These structural differences in the alloys 
correlate well with the as-cast microstructure. It 
was shown in the earlier paper’ that in alloys con- 
taining mixtures of rare-earth metals, the eutectics 
are highly divorced and thus upon extrusion result 
in stringers of individual particles. Magnesium- 
lanthanum and magnesium-cerium alloys, on the 
other hand, form extremely fine eutectics in the cast 
state with the divorcement tendency being the least 
in the magnesium-lanthanum alloys. The extruded 
magnesium-cerium alloys show a slight indication 
of the eutectic, as in the magnesium-lanthanum al- 
loys, but the slower freezing rate of a 3-in. diam 
billet as compared to a cast test bar probably leads 
to considerable divorcement of the eutectic in the 
magnesium-cerium alloys. 

In Figs. 16, 17, and 18 the microstructures ofthe 
magnesium-Mischmetal, magnesium-didymium, and 
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magnesium-lanthanum alloys in the T6 condition 
show that the heat treatment results in considerable 
solution of compound in the two former alloys and 
in marked coalescence of the undissolved compound 
in all three alloys. It is clear from these micrographs 
and from observations on the other alloys that the 
order of increasing solid solubility in magnesium of 
these metals is: 1—lanthanum, 2—cerium, 3—Misch- 
metal, 4—cerium-free Mischmetal, and 5—didym- 
ium. These observations agree well with the con- 
ductivity measurements, Fig. 12. All the alloys con- 
taining about 1 pct rare earths also have significant 
amounts of undissolved compound except the mag- 
nesium 1.23 pet didymium alloy. The latter has 
only a trace, indicating that its solid solubility limit 
in Magnesium must be close to this composition 


Summary 

1—Data have been presented to show the specific 
effects of various rare-earth metals on the room and 
elevated-temperature properties of extruded mag- 
nesium 

2—Alloys may be rated in the following order of 
decreasing tensile and compressive properties at room 
and elevated temperatures and creep resistance at 
400 °F l—magnesium-didymium, 2—magnesium- 
cerium-free Mischmetal, 3—magnesium-Misch- 
metal, 4—magnesium-cerium, 5—magnesium-lan- 
thanum. 

3—Magnesium-didymium alloys do not maintain 
their supericrity in creep resistance over the othe! 
alloys at 500° and 600°F. The highest creep resist- 
ance over the entire composition range at these tem- 
peratures is exhibited by magnesium-cerium-free 
Mischmetal alloys. High-lanthanum alloys are excep- 
ional in creep resistance at 600°F 

4—-It is possible to develop equivalent creep re- 
sistance at 400°F with a more favorable combination 
of strength and ductility at room temperature and 
higher strength at elevated temperature by using 2 
to 3 pet didymium rather than 2 to 5 pct Mischmetal 
These effects are illustrated in Table IV 
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Preferred Orientation in Zirconium 


The textures produced in zirconium by cold and hot rolling, and 
by recrystallization above and below the transformation temperature 
were determined. Thermal expansivities were measured in the thick- 
ness, transverse, and rolling directions of preferentially oriented 
zirconium and were correlated with the texture scatter in these 

directions. 


ence between hexagonal close-packed 


p™ VIOUS investigations have indicated that mino1 
Lifts 
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cut-off wheel was used to slot the sheet and to form 
the cylindrical cross-section. The wire shaped ends 
were then etched to 0.006 to 0.010 in. in diam. Al- 
though absorption of X-rays in the wire-shaped 
specimens does not vary with angle of rotation, the 
line width around the diffraction rings was not uni- 
form, because the wire was narrower than the X-ray 
beam, and this condition caused some uncertainty in 
the estimation of azimuthal intensities. Furthermore, 
scanning was not practicable with this type of speci- 
men so that spottiness of the rings due to large grain 
size was excessive for specimens which had been 
heated above about 650°C. Nevertheless, satisfactory 
information could be obtained for high angle expo- 
sures from the negatives by the use of both types of 
specimens 

Transmission Laue photograms were taken using 
infiltered molybdenum radiation (47.5 kv, 18 ma) 
and a 0.025 in. pinhole. With the film 8 cm from a 
0.005 in. thick specimen exposures of about 30 min 
were adequate. For specimens with a coarse grain 
size, a device that scanned about 0.15 sq in. of sheet 
surface was used 

An attempt was made to plot the pole figures by 
use of an X-ray spectrometer as described by Norton 
However, for the particular technique used, the in- 
tensity variations obtained were not considered def- 
inite enough to give reliable results, especially for 
the large grained recrystallized and transformed 
specimens. This method was therefore abandoned in 
favor of the standard photographic method 

Nine exposures were taken of each specimen: seven 
exposures with the beam perpendicular to the rolling 
direction and at 0°, 10°, 20°, 35°, 50°, 65°, and 80 
to the transverse direction, and two exposures with 
the beam perpendicular to the transverse direction 
and at 60° and 80° to the rolling direction. Addi- 
tional exposures were then made where necessary 
The intensity variations of the diffraction rings were 
estimated by eye. It was usually possible to estimate 
3 degrees of intensity from the photograms but in 
ome cases 2, 4, or 5 degrees were estimated 

Experimental Results 

The preferred orientation was determined for the 
following treatments: 1—cold-rolled, 2—low tem- 
perature rolled, 3—cold-rolled surface layer, 4 
cross-rolled, 5—hot-rolled, 6—recrystallized below 
the transformation temperature, and 7 
lized above the transformation temperature 
Cold-Rolled Textures: The slip plane 


recrystal- 
in hexag- 
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onal close-packed metals is the basal {0001} plane 
During cold rolling this plane would be expected to 
rotate into the plane of the sheet by slip along the 
1120> directions. With such a slip mechanism the 
principal ideal orientation produced by cold rolling 
would be expected to consist of basal planes parallel 
to the rolling plane and either <1120> or <1010 
directions parallel to the rolling direction. 

For magnesium with an axial ratio (c/a 1.624) 
similar to that of zirconium (1.589), Caglioti and 
Sachs’* found the {0001}, 1120 
the scatter greater in the roiling direction than in 
the transverse direction. Bakarian,’ using purer mag- 
nesium than Caglioti and Sachs, found the same basal 
plane orientation but no directional orientation of 
the digonal axes. He showed also that the rolling 
texture is affected by the presence of certain im- 
purities; 0.2 pet Ca caused a splitting of the central 
maximum area of the pole figure 

The basal plane pole figure of cobalt by Wasser- 
man‘ indicates a splitting of the maximum area but 
no directionality of scatter 

Smigelskas and Barrett 

1010> orientation in the case of beryllium; this 


orientation, with 


observed a_ {0001 


is the first observation that the 1010 direction 
may lie in the rolling direction for close-packed 
hexagonal metals. Considerably more scatter in the 
transverse than the rolling direction is apparent 

The pole figures of Clark" for cold-rolled titanium 
indicate that the hexagonal axis is inclined in the 


transverse direction about 30° from the rolling plane 


with the 1010 

3urgers and Jacobs’ pole 
zirconium show, as do those of beryllium, the majo! 
scatter to be in the transverse direction. However, 


direction in the rolling direction 
figures of cold-rolled 


their pole figure of the {1010} planes indicates a 


tendency for the 1120 
ing direction 

The pole figures of cold-rolled Bureau of Mines 
irconium obtained in the present investigation for 


1010}, and 


are shown in Fig. la, b, and c. The pole 

of crystal bar zirconium are fundamentally 

same as those of Bureau of Mines zirconium but 
with less scatter in the transverse direction. The 
orientation best describing the maximum 


direction to lie in the roll- 


principal planes, {0002}, 


average 
intensity areas, shown by the double circle points in 
Fig. 1, is that shown in the schematic drawing of 
Fig. 7a, which represents the basal planes parallel 
to the rolling direction but inclined from the rolling 
plane about 30° in the transverse direction, and with 


a 1010 direction in the This 
orientation is most readily appreciated by considera- 


rolling direction 
tion of the prism-plane {1010}, and pyramidal-plane 
(1011 
Fig. 8a and b also indicate the 30 
the c-axis: four maxima intensity arcs appear at the 


pole figures. The diffraction photograms of 
transverse tilt of 


7, 8, 10, and 11 o'clock positions of the outer {1011} 
ring of Fig. 8a, while maxima intensity arcs appeal! 
only at the 7 and 11 o'clock positions in Fig. 8b 
where the specimen was rotated 20° about the roll- 
ing direction 

2—Low Temperature Rolling It was 
that the slip mechanism of zirconium might change 
with temperature as is observed in the case of mag- 
nesium, and that the change might be reflected in 
the rolling texture. Therefore, a piece of crystal bar 


thought 
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Table |. Composition of Materials Used 


In Melted Bureau of 
Mines Sponge, Pct 


In Crystal 
Impurity Bar, Pet 
15 1.5 
0.02 0.09 
0.02 0.08 
0.01-0.05 0.14 





zirconium was rolled 95 pct at liquid nitrogen tem- 
perature. The texture of this material is in all re- 
spects similar to that of the crystal bar rolled at 
room temperature 

3—Surface-Layer Texture: It is often the case in 
wire drawing or cold rolling that the textures ob- 
served on the surface are different from those in the 
body of the metal because of inhomogeneity of the 
deformation process. The surface texture of Bureau 
of Mines zirconium was determined on a specimen 
coated on one side with wax and etched from 0.014 
to 0.002 in. in thickness. The pole figures for this 
specimen did not reveal a new orientation but only 
a slight sharpening of the cold-rolling texture 

4—-Cross-Rolled Texture: A square specimen of 
Bureau of Mines zirconium, which had previously 
been hot rolled, was cold rolled 90 pct by rotating 
the square 90° after each pass through the rolls 
Each reduction was about 3 pct of the total reduc- 
tion. The pole figures of Fig. 2 indicate that scatte1 
in the transverse direction has been eliminated and 
that the cross rolling has resulted in a texture con- 
sisting of a basal plane parallel to the rolling plane, 


a 1010> direction parallel to one rolling direction, 


and a <1120> direction parallel to the other rolling 
direction. It would hardly be expected that such an 
orientation would be stable on cross rolling, but it 
would rather be expected that a double orientation 
directions parallel to each roll- 
However, if the 


with some <1010 
ing direction would be observed 
rolling process is idealized as a combination of ten- 
sion in the rolling direction and compression in the 
normal direction, and if a <1010> direction were 
stabilized in the one rolling direction by duplex slip 


along 1120 directions, then, in the direction 


transverse to this, the <1120 direction 
similarly be stabilized by duplex slip. To test the 
effect of orientation prior to cross rolling, a slab of 
as-cast ingot zirconium, which would not be ex- 
pected to show any prior orientation, was cross rolled, 


would 


direction parallel to 
1120 


and aiso exhibited a <1010 
the one rolling direction and a direction 
parallel to the other 

5—Hot-Rolled Texture: With the exception of 
beryllium,* there is no information on the orienta- 
tions produced by hot rolling hexagonal close-packed 
metals. For this metal the type of orientation for 
rolling temperatures as high as 800°C does not 


change 





Table II. Rolling Schedule 


Reduction 
in Thick 
ness, Pet 


Rolling 
Temperature 


Type 
Rolling 


Material 


Room temperature 
Room temperature 
850°C 

Room temperature 


Crystal bar Straight 
Bureau of Mines Straight 
Bureau of Mines Straight 


Bureau of Mines Cross 
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Fig Pole figures for cold-rolled Bureau 
of Mines zirconium 

@ indicates oo rolling plane and @ indicates ooo 

iete rolling direction lele rolling 

indicates 0002) rotated 30° about roll 


ing direction 


2 
> 
d 
} 


ith % in. thick wall 
then welded gas tight 

the pr r tempera- 

t fron 


lation ¢ I rature 


it 92 pet reduction in thick- 
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Fig. 2—Pole figures for cross-rolled Bu Fig. 3— Pole 
reau of Mines zirconium 
rolling plane and ® indicates (0002 


direction tele 


figures for hot-rolled 


850°C) Bureau of Mines zirconium 
relling plane and 
rolling direction 

indicates (0007) rotated 30° about roll 

ing direction 
these metals the recrystallization textures may be 
the same as, or may be different from, the deforma- 
tion texture, or no preferred orientation may result 
on recrystallization. For hexagonal close-packed 
metals there has been very little work done on roll- 
ing-recrystallization textures or the factors influenc- 
ing the textures. Zinc and magnesium were found 
to retain their rolling textures at recrystallization 
temperatures up to the highest temperatures inves- 
tigated, 400° and 600°F respectively.” The 700°C re- 
crystallization textures of beryllium were also found 
to be the same as the deformation textures.’ The 
basal plane pole figure of Clark" for titanium indi- 
cates thet the recrystallization texture is the same 
(differing in degree) as the cold-rolled textures 
However, a comparison of his photograms for the 
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Fig. 4—Pole figures for cold rolled and 
recrystallized (650°C) Bureau of Mines 
zirconium 
@ indicates ooo rolling plane and @ indicates ow 


20 rolling direction hive 
indicates (0002) rotated 30° about roll 
ing direction 


10} and {1011 ing ith the 
photograms obtained in the present case for zir- 
conium indicates that a rotation of the digonal axes 
bout the hexagonal axis has taken place for titanium 


al 
Zirconium will be shown to undergo a 30° rotation 


10 pole figures and 


of this type when recrystallized 


a—Cold-Rolled Recrystallization Textures: Speci- 
mens of the 0.014 in. thick cold-rolled sheet zir- 
conium were recrystallized at 650°C. The specimens 
were sealed in evacuated glass tubes and were put 
into a hot furnace for 5 min (recrystallization was 
found to be complete in this time). The recrystal- 
lization pole figures for Bureau of Mines zirconium 
are shown in Fig. 4. The pole figures for recrystallized 
crystal bar are almost identical to those shown for 
the Bureau of Mines zirconium. A well-defined tex- 


t 
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Fig. 5—Pole figures for cross-rolled and 
recrystallized (650°C 
zirconium 


rolling direction fer Burgers 


Fig. 6—Pole figures for Bureau of Mines 
zirconium heated above transformation 
temperature 
Points indicate calculated pole positions 
transformation mechanism 
from an ideal recrystallization orienta 
tion. Maximum intensity areas marked M 


Bureau of Mines 


rolling plane and 


ture fundamentally different from the rolling tex- 
ture was observed. A schematic drawing of the 
orientation best explaining the maxima 
areas of the pole figures is shown in Fig. 7b. The 
basal planes are inclined to the plane of the sheet 
at an angle of about 30° in the transverse direction 


and the 1120 
direction 


average 


direction is parallel to the rolling 


Pole figures were plotted for a recrystallized sample 
which was later found to have been overheated. The 
heating temperature was below the transformation 
temperature (862°C), since there was no metal- 
lographic evidence of a transformation structure, 
and was estimated to lie between 800° and 862°C 
The pole figures of this specimen were very similar 
to those of the specimen recrystallized at 650°C, so 
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working. To find if the preferred < 1120 
llel to the 1 
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Table II!. Previous Data on Thermal Expansivity of Zirconium 


Temperature Coefficient of Thermal 
Material Condition Treatment 


Range, € Expansion x 10 © per 
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ers,’ by X-ray analysis of selected portions of crystal 
bar zirconium which were single crystals of the cubic 
modification at the deposition temperature, found 
the following orientation relationships between the 
hexagonal close-packed and the body-centered cubic 
modifications 
BCC £8 Zr above 862°C CPH a Zr below 862°C 
planes parallel to (0001) planes 
directions parallel to 1120 directions Fig. 7 — Representa 


tion of ideal pre 


There are six {110} planes and two 111> direc- 
ferred orientation 


tions in each of the planes, hence 12 orientations of with respect to the 
may result from a single £8 orientation salted chact (oun 

With the electron microscope, Burgers and Van hatched plane is in 
Amstel” observed that the lamellar crystallites of rolling plane) after 
hexagonal close-packed zirconium form by a crystal- o—cold-rolling, b— RE 
lographically reversible type of transition, and that recrystallization after 
nucleation and growth apparently do not take place cold - rolling, ¢— 
in the same sense that they occur in diffusion-type cross-rolling, d—re 
phase transformation processes. Observation at high crystallization after 
temperature of certain 8 zirconium grains revealed qraee-cotting 
that the grains retained their shape on transforma- 
tion to a and then back again to § zirconium, and 

I after several transformations the a lamellae 
in the same positions with respect to the 
ri 3 grains that they had previously occupied 

These observations indicate that the orientation 
existing in recrystallized zirconium should be re- 
placed by a new orientation when heated above the 
transformation temperature, and that this orienta- 
tion should not be destroyed by repeated heating 
above and cooling below the transformation tem- 
perature. On heating above the transformation tem- 
perature the {110}, planes should form parallel to The areas marked M are the maximum intensity 

0001}, planes and a 111 direction parallel to a areas which would ordinarily be shown as the closest 
cross-hatched areas, and all other areas are of lesser 
intensity. The agreement is seen to be good when 
the following difficulties encountered in interpreting 
this set of photograms are considered: 

1. The transformation orientation seems inherently 
possessed of more scatter than the recrystallization 
orientation. 

2. The rings are spotty due to a much larger grain 
size, a condition which was not overcome by the 
integrating method eriployed 

3. There are many more orientations with con- 
sequent overlapping of scatter regions. For this reason 


oF 
SWEET 








1120 direction. On retransformation of the £ to 
r, the old as well as entirely new orientations should 
appear since there are six {110}, planes and two 

11] directions parallel to which the a crystal- 
lites may form. Finally, on continued heating and 
cooling through the transformation temperature no 
new orientations should appear 

a Transformation Texture Aris ng from Recrus- 
illization Texture: Aspec,men of cold-rolled Bureau 
of Mines zirconium was seiled in an evacuated silica 
capsule and heated for 1 min at 980°C and then air 
cooled. Diffraction photograms showing the new 
positions of the basal planes (compare with recrystal- the intensity regions of the {1010} plane pole figure 
lization photogram, Fig. 8c) are shown in Fig. 9a and of Fig. 6b are shown by dotted lines. The photograms 
b. In Fig. 6 the pole figures for the three principal showed very little difference in intensity around the 
planes are shown with the addition of the positions {1010} plane rings (cf. Fig. 9a) 
of the poles that may arise from the ideal orienta- b—Retention of New Texture Despite Repeated 
tion by applying Burgers’ transformation mechanism Transformation: It has been shown that no change 








Table 1V. Thermal Expansivity of Zirconium in Different Sheet Directions for Various Treatments 


Coefficients of Linear Expansion 
0.4x10-° per °C between 200°-300°C 


Pole Figure Direction of Sheet Tested 
Condition and Type Description Coefficients Cubical Exp 
of Zirconium Fig. No Thickness Transverse Rolling +1.2x10-¢ per °C 


54 
; 3° 
d (83 pet redu or interferometer 
Bureau of Mir ; 7 6.4 


80 pct reductior 


nes 


c Bureau 


Bureau 


ne of the tw 
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Fig 8— Laue transmission 
photograms of zirconium 


upper left)—Cold-rolled Bu- 
reau of Mines zirconium, 06 
pet reduction X-ray beam 
perpendicular to rolled sheet 


upper right)—Same as a 
but specimen rotated 20 
abeut relling direction 


(lower left)—Crystal bar zir 
conium cold rolled 95 pet re- 
duction then recrystallized at 
650°C. Beam perpendicular to 
rolled sheet. Specimen mov 
ing during exposure 
lower right)—Same as 
but specimen rotated 
about transverse direction 


to 


of 2.5 and 14.3 microin. per. in. parallel 
and a axes respectively; a redetermination by 
iy methods of the expansivity revealed values of 
and 4.5 microin. per in. respectively." The cor- 
f the experimentally observed expansivity 


otropy with the textures described in previous 
tions and with values derived from X-ray ob- 


ervations will be discussed below 


Experimental Technique 
Expansivity was measured in the rolling, trans- 
erse, and thickness directions of rolled sheet. Most 
of the measurements were made by means of a quartz 
lifferential dilatometer; the dilatation strain was 


ed by an unbonded strain gage of about 


measul 3 
croin. sensitivity. Specimens 0.3 to 0.4 in. in length 
were used; measurements were made in the thick- 
né directions of rolled sheet by stacking several 
polished specimens to the proper depth. The speci- 
mens were heated at constant rates of 2° to 12°C per 
min and dilatation measurements made continuously 

Results were checked in the case of a cross-rolled 
pecimen by means of a high temperature inter- 
ferometer dilatometer and were found to agree with 
those obtained from the differential dilatometer to 
within the estimated limit of accuracy, +0.4x10” in 
per in. per “C for a 0.3-in. length of specimen. Tabu- 
lated in Table IV are the results of expansivity 


alec 
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Fig 9—Laue transmission 
photograms of zirconium 


upper left)—Cold-rolled Bu- 
reau of Mines zirconium 
heated to 980°C and cooled 
X-ray beam perpendicular to 
rolled sheet. Specimen mov 
ing during exposure 


upper right)—Treatment for 
specimen a repeated & times 
X-ray conditions identical 


lower left)—Crystal bar zir- 
conium cold rolled 95 pet re 
duction and recrystallized 
Beam perpendicular to relied 
sheet 


lower right)—Specimen of 
ce cold rolled an additional 
86 pet reduction 


rements made on sheet 
and annealing treatments 
perimental Re 

It is apparent that a qualitative correlation is pos- 
ible between the values of expansivity listed in 
Table IV and the pole figures appropriate for each 
deformation and annealing treatment if the X-ray 
values of 10.3x10" per C parallel to c axes and 
4.5x10”° per “C parallel to a axes are assumed fo! 
the expansivities of the unit cell axes. Thus the cross- 
rolled sheet, the texture of which consists of c axes 
scattered uniformly about the normal to the sheet 
direction, shows equal expansivities in the rolling 
ind transverse directions and maximum expansivity 
in the thickness direction. In the case of hot-rolled 
and recrystallized zirconium the scatter of the c axes 
is principally in the transverse direction; thus the 
expansivity here decreases in the order thickness 
transverse, and rolling direction. The transformed 
material exhibits c axes scattered fairly uniformly 
over the entire projection and correspondingly the 
expansivity is fairly uniform in the three sheet di- 
rections 
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Expansivity measurements made on cold-rolled 
material showed abnormally low expansivity in the 
transverse direction and high expansivity in the 
thickness direction, considering the type of scatter 
for this texture. Presumably these values are ab- 
normal because of stresses in the specimens, since 
on prior stress-relieving at 325°C more reasonable 
values for expansivity were obtained 

A more quantitative correlation of texture and 
expansivity is possible in the case of recrystallized 
sheet in which the unit cell is inclined with its c axis 
about 30° from the normal direction in the trans- 
verse direction. Scatter about this average orienta- 
tion is fairly isotropic. The expansivities in the three 
sheet directions may be calculated from the formula 

x la xr.) cos'é ' 
where 10.4 + 0.5x10~ per “C 
(c expansivity, Table IV) 
4.5 + 0.5x10~ per °C 
(a expansivity, Table IV) 
angle between thickness (th), trans- 
verse (tr), or rolling (7) direction 
and mean orientation of c axis 
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Fig. 1O—Expansivity of recrystallized zirconium sheet 


alculated expansivities for 
hown in Table V 

this texture would be ex- 

experimental rolling direction 

ase the other two measure- 


f the pole figures are 


as made to reconcile 


The variations of ex- 
nperature in the three principal 
of cold-rolled and recrystallized 


if Mines zirconium are 


nown in 


Summary 


used to deter- 

ientations of crystal bar and 

ynium which were subjected to 
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higures 

indicated an average 
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1 direction, but 
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Table V. Linear Expansion Coefficients of Recrystallized Zr 


x10° per “C 


Caleu 

lated 
Roll Volume 

ing Di Coefi 

tion rection client 





1002—JOURNAL OF METALS, NOVEMBER 1951 


4—The hot-rolling texture was similar to the cold- 
rolling texture but with more scatter, especially in 
the transverse direction 

5—A specimen cross rolled at room temperature 
had a sharp texture with the basal planes parallel 
to the rolling plane and with the <1010> direction 
in one rolling direction and the <1120> direction in 
the other rolling direction 

6—The recrystallization texture of the cross-rolled 
zirconium showed the same basal plane orientation 
as the rolled material, but the 1120 
was in the < 1010 
direction was in the 1120> rolling direction 

7—The texture of surface layers of cold-rolled 
fundamentally 


direction 


rolling direction and the < 1010 


zirconium was found not to differ 
from that of the interior of the metal 

8—Experimental evidence that the transformation 
mechanism of 8 body-centered cubic and hexagonal 
close-packed a zirconium is of a crystallographically 
reversible nature was presented. The transformation 
texture indicates that the orientation relationshiy 
the same as that reported by Burgers, namely {0001 

110},, <1120 111 

9—By X-ray diffraction the thermal expansivity 
of zirconium in the c-axis direction was found to be 
10.3 + 0.5x10° per °C and 4.5 + 0.5x10° per “C in 
the a-axis direction. The thermal expansivities were 
measured in the thickness, transverse, and rolling 
directions of all sheet materials whose textures were 
determined, and the magnitude of expansion wa 
found to be proportional to the degree of scatte 


in 


the three measured directions 
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Grain-Growth and Recrystallization 


Characteristics of Zirconium 


Grain-growth and recrystallization characteristics of a com- 
mercially pure zirconium prepared by the iodide process are reported. 
Grain growth from 640° to 800°C was continuous once initiated and 
obeyed D = kt’. Recrystallization of zirconium occurred at tem- 
peratures of 450° to 550°C after deformations of 20 and 50 pct. 
Hardening from partially soluble inclusions prevented determination 
of the absolute rates of recrystallization, but the relative rates of 
recrystallization obtained are useful as a guide in fabrication practice. 


ASIC inf 

and col 
cludes recry 
search of the iteratul revealed no s 
This is a report 


grain-growth and recrystallization results obtained 


tion for pure zirconium 


for a commercial grade of pure zirconium 
ect sponsored by the Office of Naval Research 

this work, isothermal grain-growth curves were ob- 
tained at five temperatures from 640° to 800°C in- 
clusively; while recrystallization curves have beer 
determined at 450°, 500°, and 550°C for the meta 
at the deformation levels of 20 and 50 pct. In addi- 


tion to the usual variables of temperature, time, and 


nium on a p! 


} 


deformation, distribution of the second phase 
in all commercial grades of iodide zirconiun 
treated as an important factor in these grain- 


and recrystallization studies 
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In conducting this work, two properties of zirco- 

m were particularly pertinent in dictating experi- 
mental conditigns. First, since zirccnium undergoes 
a transformation from the a close-packed hexagonal 
form to the 8 body-centered cubic form at 862°C, no 
recrystallization or grain-growth studies were made 
above 800°C. Second, because dissolved gases (oxy- 
gen, nitrogen and/or hydrogen) increase the hard- 
ness and lower the ductility of the solid metal, all 
annealing treatments in this investigation were car- 
ried out in vacuum or in a helium atmosphere 


Materials and Methods 

The zirconium used in this investigation was pre- 
pared by the Foote Mineral Co. by deposition from 
its iodide. A spectrochemical analysis of the metal 
showed the following composition in weight pct 
Hf, 2.1; Mg, 0.012; Fe, 0.035; Si, 0.095; Ti, 0.023: 
Al, 0.037; Mo, trace; Ni, trace; Cr, trace; Ca, 0.006 

Conventional metallographic procedures involving 
hand polishing on wet metallographic papers, fol- 
lowed by final polishing on fine, levigated alumina 
on gamal cloth and a medium speed wheel were used 
throughout this investigation. Grain boundaries were 
revealed with modified Tucker’s etch containing 20 
parts glycerine, 2 parts hydrofluoric acid, and one 
part nitric acid 

Grain-Growth Procedure Three lots of zirconium, 
designated here as series A, B, and C were prepared 
for the grain-growth studies as follows: 

Series A was prepared by cold swaging the % in 
as-deposited rod to a 3/16 in. final diameter, followed 


NOVEMBER 1951, JOURNAL OF METALS—1003 





structure heated at 95 fer 


Microstructures of deposited zirconium 


at oUU 


th 


rod anc 

This 

develop 
prepared b 
and then 
of 0.023 m 


rain size 


ng technique ther 


was used 
Kodabrom 

measul 
least 10( 


ain dik 


that 


issumed nat 


D was 
the h 


equal 
exagon 
In ore 


lure 


da a 


second phas¢ 


repared and heat t 

anne! 
leposited 1 
suitable 
eated 24 hr 


at 950°C for 


produced the 


od was cold swaged to 4 


length was sealed in an evac 


structure shown in Fig 


24 hr and air-cooled 


swaged and 


800 C 


100 hr 

ana 
prepared by 
ar ron pipe 
i finally cold 
ock was then 


ain IZ 
rolling 


a 
vy hot 
annealing 
The 

1 followed 
lots B and 


and 800 


ry 


re alway 


reported 


lined and 


age ol 


wetallographi 


excel 


ide 


ements 
) grains 


imeters 


m; A 


number 


m 


deriving 


le! Oo nclude 
variable 
reated in 
in 
iated 
and air cooled 


la, desig- 


second phase occurs here 


diffe 


t grain “he second se 


amellar with 
in adjacen 


ted ot 


ated at 800 


1004—JOURNAL OF METALS, NOVEMBER 1951 


‘rent orienta- 


ction of '%4 in 
woled 


rn 


ace Cf 


b structure heated at 800° for 72 hr and furnace-coceled 


heat treated. Etched with 10 pct HF in glycerine. X250 

Here the second phase is agglomerated in the grain 
boundaries, as shown in Fig. 1b. Material treated in 
will be designated hereafter as a,. Portions 
were then cold worked on 
to 20 and 50 pct reductions in 
cross-sectional light of about 0.005 in 
h being taken to achieve as nearly uniform def- 
The change in length in 


this way 


annealed rods a 


flat-roll mil 


of the 
x8 In 
area, passes 
tat 
ormation as possible cold 
rolling was used in the usual way as the criterion of 
reduction in area 

Specimens of each structure and 
annealed isothermally in vacuum at 450 
C. A muffle furnace was used to anneal speci- 
ns for % hr or longer, while a constant tempera- 
re bath was used when the time of annealing was 
th hr. Temperature gradients in the muff 
were eliminated by placing the in 
of a high heat capacity steel bar, 
x 7 in. in length. Specimens were 


furnace or salt bath at temperature 


reduction 
500 


were 
and 


50 


less an 


furnace tubes a 
cavity in the center 
2% in. in diam 
admitted to the 
order to obtain maximum heating rate and to as- 
sure accurate time control. Time to attain tempera- 
was experimentally found to be 2 min in the 
furnace and 3 sec in the salt bath, and this was sub- 
tracted from the total time of annealing in each case 
The 
mersion in the salt bath followed by air cooling. The 
long-time specimens which were sealed in evacuated 


ture 


short-time specimens were heated by direct im- 


quartz tubes were air cooled 

Hardness the rate of softening 
as a result of recrystallization anneals were used as 
the major tool following the of 
crystallization, since the classical metallo- 
technique was difficult to carry out on zirco- 
nium. The annealed specimens were thus mounted 
n bakelite and finish-ground on 600 grit wet metal- 
lographic paper in preparation for hardness measure- 
The Rockwell Superficial 30-T scale was 
chosen for hardness measurements because this 
gave the sensitivity required. An average of seven 
indentations on specimens reduced 20 pct, and five 
indentations on those reduced 50 pct were taken as 
the hardness of the annealed material. A limited 
number of metallographic determinations of per- 
centage recrystallized were made as checks on the 


or 


measurements 


for progress re- 


more 


graphic 


ments 


softening data 

Results and Discussion 
Although not all pure metals ex- 
line relationship when log D is 
plotted vs. log t, as suggested by the equation D 
! where D is the average grain diameter; k, 
dependent only upon temperature; t, the 


Grain Growth 


hibit straight 


a 


constant 
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time; and n, a constant; the data obtained here con- 
formed closely enough to this formulation to be pre- 
sented in this way. On this basis, grain-growth data 
for zirconium, whose initial grain size is 0.009 mm 
at the temperature levels 640°, 680°, 720°, 760°, and 
800°C, are plotted in Fig. 2. The data for 640°, 680 
and 720°C are seen to constitute a family of parallel 
straight lines over the entire 100 hr of the study. At 
760° and 800°C, however, the growth rate shows an 
abrupt increase after an initial stage, and a new 
family of curves appears. The grain-growth data for 
series B and C are given in Fig. 3. Considering first 
the B series, it is seen that at 640°C, a long incuba- 
tion period was observed, during which no noticeable 
change in the average grain diameter was detected 

fter more than 35 hr, however, grain growth began 
and proceeded normally. At 720° and 800°C grain 
growth occurred at the shortest time examined, and 
it is seen that the data at 640°, 720°, and 800°C form 
a family of straight lines (Fig. 3). A similar incuba- 
tion period, followed by normal grain growth was 
noted for the C specimens which started at the same 
initial grain size. Also grain growth in this material 
consistently, a family of straight lines 
observed behavior 


proceeded 


again expressing the 


In Fig. 2, in addition to a plot of the A series 
typical curves for series B at 680°C, and C at 760°C 


are given (there is no need for including all the B 
and C curves because within each series the curves 
are parallel). Since the initial grain size for the B 
and C series was much larger than that of A, the 
grain-growth curves for the former two series for 
corresponding temperatures were always shifted to 
It should be noted, how- 


t fo 


grain-size level 
rate of change of log D with log 


a higher 
ever, that the 
series B at all temperatures is the same as in series 
A at 760° and 800°C, while the series C curves have 
a slope or rate of change of | D with log t inter- 
mediate between those of series A and C 
These grain-growth results very definitely 
the effect of the second phase. Cold swaging the 
deposited rod caused fragmentation of the second 
phase, which appeared in the deposited rod és parallel 
platelets (with different orientations in ‘different 
grains). For the A series, the subsequent recrystal- 
lization anneal caused the fine inclusion particles to 
spheroidize, and the structure shown in Fig. 4a re- 
sulted. Further, when the grain-growth anneals were 
carried out, these dispersed particles inhibited, but 
migration. Simul- 


particles of second 


reflect 


did not prevent, grain-boundary 
taneously, however, the small 

phase preferentially dissolved, and diffusion of the 
second-phase constituents occurred to permit the 
larger particles of the second phase to grow at the 
expense of the smaller ones. The inhibiting effect of 
as long as they remained 


the particles, especially 
became less effective 


intragranular, continued but 
as the size increased. Temperature, of course, had 
the effect of accelerating this spheroidizing process 
as evidenced by the fact that at 720°, 10 hr were re- 
quired for agglomeration of this second phase into 
large angular inclusions in the grain boundaries, but 
within 3 hr at 800°C agglomeration was obtained 
(Fig. 4b) 

The grain-growth curves for metal A at 640°, 680 
and 720°C and the initial part of the 760° and 800°C 
curves thus represent the rate of boundary migration 
under the inhibiting influence of the uniformly dis- 
tributed second-phase particles which were simul- 
taneously undergoing spheroidization and agglom- 
eration. When this spheroidization proceeded to the 
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Fig. 2—Isothermal grain-growth curves for A series of zir 
conium at 640°, 680°, 720°, 760°, and 800°C. Curve for 
growth of series B, at 680°, and series C at 760°C are 
superimposed 
intragranular particles had dis- 
appeared and large angular second-phase particles 
appeared in the grain boundary (but not prefer- 
entially in the dihedral angles), grain growth be- 
came much rapid. A new family of grain- 
growth curves was thus obtained 
No indication of a critical 
which an equilibrium grain size existed, as found by 
Beck, is seen in these data. Continuous grain growth 
in the presence of dispersed second-phase inclusions 
probably occurred in zirconium of this study because 
at all the annealing temperatures the second phase 
This is qualitatively 
aluminum- 


point where the 


more 


temperature below 


was at least partially soluble 
in agreement with Beck’s work on 
manganese alloys which showed that when the sec- 
ond phase is soluble normal continuous grain growth 
eccurs 

In the B series however, the second phase was 
particles at grain 
and prep- 


initially agglomerated into large 
boundaries during the recrystallization 
aration anneal as shown in Fig. 5a. At the lower 
temperatures, then, these particles did not have as 
pronounced an inhibiting effect as did the finer dis- 
persed particles in the A material; thus a family of 
curves (Fig. 3) holds over the entire temperature 
range from 640° to 800°C, instead of only at 760 
and 800°C as in series A. In the C series, the second- 
phase distribution was similar to that in the A series 
before the anneals, except that the 
particles initially larger. During the grain- 
growth anneals, however, these particles did not 
agglomerate as completely as they did in the A series 
An inhibiting effect of intragranular second phase 
thus persisted during the entire time and at all tem- 
peratures. Consequently, the grain-growth curves 
for the C series are almost parallel to those of the A 


grain-growth 


vere 


® SCE © PVE 
ere er 
e Cac 
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ao 
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Fig. 3—Isothermal grain-growth curves for the B and 
C series of zirconium from 640° to 800°C 
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at 680°C, then gradually increased in slope ; throughout and in the latter stages of the A series, 
and 800°C er attained the grain growth the inhibiting effect of the second phase gave grain- 
A and B i 720°, 760°, and 800°C. Thi growth characteristics which were intermediate be- 

t | agglomeration of the sec« l tween the A and the B series 
ie grain boundaries was not accomplished Dispersed second-phase particles have an inhibit- 
eries as Was always present in the B series ing effect on grain growth either directly or indirectly 
_ by obstructing the movement of atoms across grain 
oid boundaries. It is noted that, for a given constant 
mount of second phase, the finer the particles, the 
reater was the inhibiting effect. This is reasonable 
i is accepted that a metal inclusion interface im- 
pedes the migration of a grain boundary, because the 


maller the particle, the greater is the surface area for 
onstant amount of second-phase impurities. When 
econd phase is agglomerated in the grain boun- 
grain growth may be retarded for two rea- 

the actual grain boundary or interfacial 

which atoms may migrate may be de- 

F 2—changes in grain-boundary curvature 
accompanying growth may be prevented by the 
regation of second phase in the dihedral angles 
this latter inhibiting effect was present in this 
hown by the fact that the surface of numer- 

ries specimens, which contained no second 

being annealed 50 hr at 800°C, grew 

large and very rapidly, while the internal 

ence of the second phase preferen- 
dihedral angles remained comparatively 
further noted that the surface grain 


perpendicular to the surface and the 
are approximately the equilibrium 
as predicted by Harker and Parker 
», no additional growth of these sur- 
noted after 100 hr at 800°C, Fig. 4 
slope of the series A growth curves 
and 720°C establishes that n, in the 


saconstant. This in turn desig- 

one mechanism of growth Is operating at 
temperatures, and thus calculation of 
f activation of that process can be made 
done by means of the relation first pro- 
rhenius’ and applied to grain growth by 
that is, the rate of grain growth 

A is a constant (independent of 

the energy of activation for grain 

universal gas constant; and T, the 

re in degrees absolute. Using this equa- 

L, energy of activation, Q,, has been evalu- 

ited graphically f rie A at 640°, 680°, and 

Fig. 4—Microstructures of zirconium from grain-growth 720°C as shown in Fig. 6. The slope of this line 
studies on series A, 10 pct HF in glycerine etch. a (top livided by R, the universal gas constant, yields the 
3 hr at 720 C. X300. b ‘center/—3 hr at 800°C. X300 value 68,800 cal per mol. Calculation of Q, for the 
¢ ‘bottom’—50 hr at 800°C. X200 higher temperature data and for the B series from 


=, - -F > = 


"2 
reese ° ,: 
al 


2 hr at BOO" b--8 hr at 720°C 
Fig. 5—Microstructures of zirconium from grain-growth studies on series B. All specimens were given the initial treatment of 
1'2 hr at 800°C, as shown in a. 10 pct HF in glycerine etch. X200 
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Fig. 6—Plot of time necessary to attain a grain 
size of 0.02 mm from an initial grain size of 
0.009 mm ys. reciprocal of the corresponding 
absolute temperature 
680° to 720°C yields the value 55,000 
values represent the energies of 


inclusively 
These 
firconi 
distributed, and 2 


boundaris 


cal per mol 


activation for 


um containing the second phase, 
iniformly preferentially in 
respectively 
ncubation period in the 640°C 
B and C 


pletely for 


curves of the 
now being investigated more com- 
zirconium over a wide range of tempera- 
tures, and these data will be reported in a late 
paper. Although commonly observed, present grain- 
growth theories neither predict nor explain the exist- 


eries Is 


induction period for grain 
‘rowth subsequent to complete recrystallization, but 
when a more precise mechanism is established and 
with the energetics of the 


ence of an incubation o1 


associated process, the 
phenomena 


Recrystallization 


should be explicable 

The isothermal softening curves 
obtained for zirconium for the temperatures 450 
900°, and 550°C at 20 and 50 pct reduction levels are 
found in Figs. 7 and 8. It is seen that for any one dis- 
tribution of second phase and amount of deformation 
the rate of softening is principally dependent upon 
temperature, inc as the latter The 
incubation period, however, for the metal deformed 
50 pet is appreciably shorter than for zirconium de- 
formed 20 pct. The overall rate of recrystallization 
with the amount of prior deformation 
Work hardening as a result of cold work raises the 
initial hardness level, but the hardness difference in 
the fully annealed specimens may be either a result 


reasing increases 


increast 


of previous annealing treatments or an effect of prior 
deformation on recrystallized grain size. It is un- 
likely that the higher final hardness is the residual 
effect of greater prior deformation, per se 

Definite effects of second-phase distribution and 
possibly solid solution can also be seen in these data 
The a, form is slightly harder and appears to possess 
a greater capacity for work hardening than the a 
form, the hardness differential increases with 
deformation. This differential is maintained during 
annealing with the result that the shapes of the soft- 
ening curves for both temperatures at the same re- 
ductions are similar. A considerably longer incuba- 
tion period is required before softening begins in the 


Since 
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a, structure than in the a,. In the a, structure, Fig. 
la, it is seen that the same phase appears as parallel 
platelets, and this lamellar structure has the effect 
of retarding softening 

Although the metallographic difficulties encoun- 
tered with zirconium in the cold-worked state made 
it impossible to extensively use the classical metal- 
lographic approach to the study of recrystallization, 
some metallographic data have been obtained for 
correlation of hardness with percentage of recrystal- 
lization. These data yielded the correlation between 
hardness and the fraction recrystallized given by the 
relationship: 

2 38> (h )/(h,—h,) 


is the percentage recrystallized; h,, the 
hardness at x pct recrystallized; h,, the cold-worked 
hardness; and h,, the full-annealed hardness. This 
relationship holds for all but the initial phase of the 
This result is to be compared to 
and others’ who found 
relationship of x 

relationship indicates 
proportion to the 
relationship devel- 


where, x 


softening process 
that of Cook and Richards 
that pure copper obeyed the 
(h,—h,)/(h.—h,). This latter 
that softening occurs in direct 
extent of recrystallization. The 
oped from the present data, however, indicates that 
softening occurs in this commercially pure grade of 
zirconium in direct proportion to the square of the 
percentage recrystallized 

This relation is believed to reflect that a diffusion 
process associated with and effecting a redistribution 
of the second phase is occurring simultaneously with 
recrystallization. This diffusion process continuously 
changed the solid-solution composition, especially in 
the early phases of the recrystallization anneal, and 
a corresponding change in hardness occurred. The 
hardness change resulting after the various anneal- 


Time (HOURS) 


7—Softening curves for and a, zirconium at 450°, 
500°, and 550°C for 20 pct reduction 


HARONESS (ROCK WE 


Fig. 8—Softening curves for a, and a, zirconium at 450 
and 550°C for 50 pct reduction 
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a composite of softening resulting ing period. When the second phase occurs as plate- 
tion and hardening resulting from lets, recrystallization is retarded 


of tl 


re continuous zirco- 
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Chromium-Nickel Phase Diagram 


An investigation of the Cr-Ni system has revealed that there 
exists a eutectoid transformation at about 1180°C. The transforma- 
tion in chromium implied by the eutectoid reaction was detected at 
about 100°C below its melting point. Associated with the eutectoid 
transformation, a metastable transition structure has been found. 


HE Cr-Ni phase diagram is shown in current lit- 
erature to be a simple eutectic system in which 
the high chromium end of the diagram is incom- 
pletely determined, Fig. 1. The last investigation 
of this system was undertaken in 1936.’ Because of 
limitations in metal purity, especially of chromium 
and temperature measuring techniques, the diagram 
should be accepted with some reservations, as was 
indicated by Hansen.* For example, the presence of 
the compound Cr.Ni, with a tetragonal structure 
remains unverified and incompatible with the simple 
eutectic diagram 
The work reported here began because of dis- 
crepancies that appeared in experimental studies in 
the binary alloys Cr-Ni and in the ternary system 
Cr-Mo-Ni. The existing binary Cr-Ni diagram failed 
to provide a complete explanation of observations 
made by microscope, X-ray, and thermal analyses 
Experimental Methods 
The materials employed were of a higher degree 
of purity than were available to previous inves- 
tigators. The Mond nickel usec had a nominal purity 
of 99.87 pct, while the electrolytic chromium analyzed 
99.03 pet with the major impurity being 0.5 to 0.7 
pet oxygen with some iron. All alloys were melted 
in a vacuum furnace to remove dissolved gases, suf- 
ficient carbon was added to the charge to combine 
with all the oxygen as CO. Final analysis determined 
the carbon as about 0.02 pct and the oxygen around 
0.06 pct or slightly more. Stabilized zirconia cru- 
cibles and thermocouple protection tips were used 
throughout and contributed no detectable impurity 
to the melts, as long as the oxygen in the chromium 
was kept low. Heats averaged about 250 g, which 
permitted about 2 in. of the thermocouple protec- 
tion tips to be submerged. The temperature drop 
across the thermocouple protection tip was deter- 
mined to be about 3°C, a minor source of erro! 
The alloys, after removal from the vacuum fur- 
nace, were placed in a furnace operating in a puri- 
fied argon atmosphere for the thermal analyses. An- 
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Fig. |—Cr-Ni phase diagram drawn from the diagram in the 
Metals Handbook, 1948 Edition 


nealed wolfram-molybdenum thermocouples pro- 
vided the primary means of temperature determina- 
tion, though a Pt-Pt-10 pet Rh couple was employed 
for a check when possible. A sensitive, high-speed 
Leeds and Northrup Speedontax recording potentio- 
meter indicated the thermocouple output 

X-ray diffraction patterns were obtained primarily 
on a Norelco unit, which permitted diffraction 
angles only up to 45 20 90°). In general, either 
rotated or stationary solid samples were used, be- 
cause it later evolved that many samples were sus- 
ceptible to transformation resulting from the cold 
working involved in pulverizing. It was also noted 
that rotating a sample sometimes suppressed weak 
lines, so, usually, samples were not rotated. Later a 
high temperature camera was adapted for use at 
temperatures up to 1400°C on the Norelco unit 
utilizing both solid and powdered samples. Unless 
otherwise noted, all X-ray patterns were made with 
a chromium tube and a vanadium filter. Further- 
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more, because many samples were sensitive to me- 
chanical polishing, practically all samples were 
polished and etched electrolytically. The etch gen- 
erally used was a mixture of concentrated nitric 
acid, sulphuric acid, and phosphoric acid 

All heat treating was done in a resistance furnace 
in a purified-helium atmosphere. Inasmuch as the 
cooling rate turned out to be critical in some alloys 
efforts were expended to obtain the fastest quench 


°c 


possible 


JRE 


Experimental Results 
To facilitate the discussion of the experimental 
results it seems advisable to introduce here the phas« 
diagram, Fig. 2, which resulted from this investiga- 
tion. The a field is the body-centered cubic chromium 


TEMPERAT 


solid solution; the y field is the face-centered cubic 
nickel phase while the 8 phase is a proposed 
temperature chromium structure, thought to be 
centered cubic 
In Figs. 3 through 8 are shown the as-ca 
tructures of some representative alloys. Fis 
shows a 90 Cr-10 Ni alloy in which it can be noted 
that the grain boundaries do not follow the dendritic 
: tructure. This indicates that recrystallization has 
ERCENT 2 occurred after solidification. Fig. 4 represents an 
Cr-Ni diagram alloy of 65 Cr-35 Ni, the structure of which cannot 


Fig. 3—90 Cr-10 Ni alloy as-cast Fig. 4—65 Cr-35 Ni alloy as-cast Fig. 5—55 Cr-45 Ni alloy as-cast 
Light areas are chromiuam-rich regions x150 The darker regions are the chromium 
X00 rich phase. X150 


Fig. 6—S! Cr-49 Ni alloy as-cast Fig. 7—45 Cr-55 Ni alloy as-cast Fig. 8—45 Cr-55 Ni alloy as-cast 

This is the eutectic composition The Light areas are the nickel solid solu- Light areas are the nickel! solid solu 

darker regions are the chromium-rich tien, darker areas are the chromium tien, darker areas are the chromium 
phases. X10 phases. X150 phases. X70 
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Fig. 9— io acsaen = Ni-1 Mo Fig. 10 edad 55 Cr-45 Ni Fig. 11—Composition 45 Cr-55 Ni 
Solution treated at 1525° furnace - Heat treatment consisted of 5 hr at Heat treatment consisted of 5 hr at 
cooled to 1150°C, held fer 16 hr, then 132750 ‘6 br at 1150°C, then water 132500 36 hr at 1150°C, then water 
water quenched. Matrix is a chromium quenched. Darker areas are chromium quenched. X500 

phase, islands are nickel. X150 rich phase. X150. 


be explained by th ing phase diagram. A 
55 Cr-45 Ni alloy is presented in Fig. 5. It can be 
seen that there is a two-phase structure within the 
chromium-rich dendrites (the darker regions). This 
structure does not conform to that expected from 
the simple eutectic phase diagram, either. Fig. 6 re- 
veals the structure of the eutectic composition (51 Cr- 
49 Ni); at a higher magnification the chromium-rich 
phase sometimes reveals an unanticipated internal 
structure. Figs. 7 and 8 show a 45 Cr-55 Ni 

and it will be noticed that there are three phase 
present. Further, at the higher magnification of Fig 
8, a eutectoid structure can be identified. From thes« 





structures alone the correctness of the simple eutectic 
diagram is subject to doubt 

The next series of microstructures are from speci- 
mens quenched from 1150°C, after first being solu- 
tion-treated at 1325°C and furnace-cooled to 1150°C 
Fig. 9 is of a 60 Cr-39 Ni-1 Mo alloy and comparing 
the structure with that of a 55 Cr-45 Ni alloy (Fig 
10) reveals the relation of the eutectoid structure t 
the eutectic structure 

A 45 Cr-55 Ni alloy is reproduced in Fig. 11 and 
shows the interesting form that the precipitate of 
the chromium-rich phase takes. Fig. 12a is the X-ray 
diffraction pattern corresponding to the specimen 
reproduced in Fig. 9, i.e., the 60 Cr-39 Ni-1 Mo alloy 
The molybdenum in this alloy was inadvertently 
picked up from the radiation shield during melting 
There was no visible difference between this alloy 
containing about 1 pet Mo and a similar alloy with 
no molybdenum, but the presence of the molybdenum 
permitted the retention of the high temperature 
phase (yet to be discussed), with no decomposition 
whatsoever, a condition unobtainable in a binary 
alloy. The apparent effect of the molybdenum was 
to stabilize the high temperature phase, fortunately 

There is an important difference between alloys 
quenched from 1250°C and those quenched from 
1150°C as may be seen by comparing Figs. 13 through 
15 with those just discussed. Fig. 13 is of the same 
alloy as shown in Fig. 9 and its X-ray diffraction 
pattern is shown in Fig. 12b. Comparison of Fig. 12b : de ag , 
with Fig. 12a indicates that there is a fundamental Fig. 12—X-rey diffrection pattern of 60 Cr-39 Ni-1 Mo olloy 
difference between the two structures; this is also a (top)—As-water-quenched from 1150°C. Sample net rotated so 
obvious from the mic rographs Fig 14 show s the a of lines is not representative of amount of each phase 
same alloy as in Fig. 10; Fig. 15 is the eutectic com- b (center) —As-quenched from 1250°C 


RD © (bettem)—As-quenched from 1250°C, electrolytically polished, and 
position then given a slight grinding on 600-grit paper 


RET ee oe 
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Fig. 13—Composition 60 Cr-39 Ni-1 


Mo 
Heat treatment & br at 
quenched. Light phase nickel solid 
solution, dark phase chromium solid 
solution. X70 


Fig 


120°C, water Dark areas are 


phase 


the a to 6 trans- 
diagram, re 
X-ray 
was late 
at 1180°C 


rroborate the existence of 
ormation ; V 1) the phase sort was 
The 
determined 
In order to 


erature camera 


e 5 Ged 


g- 7m (200) 


Fig. 16 
upper Pattern taken 
showing the 
nickel filter 
lower Pattern taken at about 100°C 
high temperature Accuracy of 
than #.2° because of shrinkage 
ef furnace. Comparing 
that the nickel lines 
nickel filter 


X-ray diffraction patterns 
of 63 Cr-37 
lines 


at room temperature 
chromium and nickel 


Ni alley 
Copper tube 


of G8 Cr-32? Ni alley in 
lines cannet be better 
due to sintering and expansion 
Ifa with this figure 
shifted to the left 


camera 


Fig it can be seen 


have Copper tube 
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14—55 Cr-45 Ni alloy as 
quenched from 1250°C 
the 


Fig. 15—5S!1 Cr-49 Ni alloy ‘eutectic 
composition after quenching 


1250°C 


the chromium-rich 
X150. 


from 
chromium-rich 
X10 


Darker areas are 


phase 
it was found that 
produce all lines, 
These samples were 
compacted and then placed in the camera, but un- 
fortunately at the temperatures of interest these 
samples soon sintered into solid specimens. Further, 
at these temperatures the extremely large thermal 
gradients in the sample precluded any accurate de- 
termination of the transformation temperature 

Figs. 16a and b show that a transformation did 
occur at a temperature of about 1200°C. Fig l6a 
shows the room temperature diffraction pattern. Fig 
16b shows the same 24 range after the transforma- 
It is not possible to ascertain the 
crystal structure of the high temperature phase from 
this pattern, but it is apparent that a transformation 
has taken place. The absence of the 8-Cr (111) line 
at about 41° (24) can be explained by the sintering 
of the powder compact into a solid mass 

Inasmuch as the eutectoid transformation implies 


the lines, 


sample s 


obtain all existing 
olid did not always 


powdered samples were used 


as 


tion has occurred 


a crystal transformation in pure chromium, an ef- 
fort to detect this transformation made. The 
transfortaation in chromium Must take place at a 
temperature above 1700°C, the specific 


was 


because 


— ; 


bene oat Eee | 


upper!—Cooling curve of chromium. b (lower) —Cool 
ing curve of nickel 

is plotted on the abscissa from right to left 

plotted on the ordinate 


Fig. 17 a 


Time temperature is 
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7. 


Fig. 18—90 Cr-10 Ni alloy as-drawn-up 
at about 1900°C into quortz tube and 
then quenched in water 


The large round bedy is an oxide inclu 
sien. X500 


resistance has been measured up to this temperature 
However, chromium 
with a small amount of oxygen (1.0 pct) showed a 
definite discontinuity at about 1600°C, and this dis- 
continuity was ascribed to a eutectic in the Cr-O 
system. Fig. 17a shows a cooling curve of pure 
chromium. It will be noticed that there is an un- 
usual change of slope about 100° below the solidifi- 
cation temperature (more accurate values were ob- 
tained at lower cooling rates). In Fig. 17b is shown 
a solidification curve of pure nickel in the same 


and no anomalies discovered 


apparatus under similar conditions in order to em- 
phasize the change of slope which exists in the 
chromium cooling curve. Efforts to retain the high 
temperature phase by quenching liquid chromium 
were not successful; however, in Fig. 18 is shown a 
90 Cr-10 Ni alloy which was quenched from the 
It is evident that here there are two phases 
present. In Fig. 3 the same alloy is shown as-slowly- 
cooled, and, as was mentioned before, the fact that 
the grain boundaries do not follow the dendritic 


liquid 


Fig. 20a—66 Cr-34 Ni alloy after 

quenching from 1250°C, metallograph 

ically polished, electrolytically etched 
x500 
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Fig. 20b—Same as Fig. 200 but with 
a deeper electrolytic etch. X500 



































eo" 


Fig. 19—65 Cr-35 Ni alloy as-quenched from 1250°C, after 
electropolishing only 

This sample was rotating while pattern was being obtained 
structure is indicative of recrystallization after so- 
lidification 

In order to identify the high temperature £8 chro- 
mium it was necessary to use quenched specimens 
It had been hoped that by employing a copper-anode 
X-ray tube and the high temperature camera it 
would be possible to find additional lines, but it 


seems that all higher angle lines were so diffuse at 
1250°C that they were not recognizable. This same 
diffuseness of high angle lines was obtained when 
using quenched specimens in a new Norelco unit 


which measures 2@ values up to 150°. Consequently, 
only the lines present in Fig. 12b were available for 
study. In this connection it is of interest to note that 
this same diffuseness of lines in this system was re- 
ported by Jette and others in 1934 

The available lines fit a face-centered cubic crys- 
tal with a lattice constant of 3.76 kx units; consider- 
ing the metastable structure which exists, and yet to 
be discussed, the face-centered cubic crystal seems 
the most likely structure 

If the lattice constant of a face-centered cubic 
chromium is calculated, taking into consideration the 
correction in interatomic distance involved in the 
change in coordination number corresponding to a 
change from a body-centered cubic to a face-cen- 
tered cubic, the result is a lattice dimension of 3.68 
kx. Remembering that the face-centered cubic struc- 


Fig. 20c—Same as Fig. 200 and b but 
with a still deeper electrolytic etch 
x500 
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Fig. 21 X-ray dif 
fraction pattern of 66 
Cr-34 Ni alloy 


aie 
quenched from 1150°C 
b (lewer) As 
quenched from 1250°C 
after repeated electro 
lytic pelishing of an 
initially metallegraph 
ically polished speci 


men 





; a & (ne) 


Fig. 22—65 Cr-35 Ni alloy after quenching from 1250°C, powder 


ing, and being separated magnetically. This 
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's magnetic 


1951 


portion 


(martensite) is considered to be due to the inter- 
stitially located carbon atoms; this effect cannot be 
presumed to be operative here 

The determination of phases is further compli- 
cated by the effect of polishing on the 8 phase and 
the metastable structure. Figs. 20a, b, and c are all 
of the 66 Cr-34 Ni composition quenched from 
1250°C. This sample was first mechanically polished 
and lightly electrolytically etched as shown in Fig 
20a. The effect of a deeper electrolytic polish and 
etch of the same sample is shown in Fig. 20b. A yet 
deeper polish and etch resulted in Fig. 20c. It is ob- 
vious that mechanical polishing has transformed the 
alloy. The X-ray pattern of the alloy after repeated 
polishing is shown in Fig. 2lb; the extra lines are 
due to the metastable phase which is probably a re- 
sult of the mechanical work. Referring back to Fig 
20c, there is no explanation of the ripple appearing 
in the matrix of the specimen. Further evidence of 
the effect of mechanical working on the £ phase is 
given in Fig. 12c, which shows the X-ray diffraction 
pattern of the same alloy and specimen as shown 
previously in Fig. 12b, except that the specimen has 
been polished lightly on 600-grit paper. A change in 
the location of the lines is evident 

Another facet of interest of the transition struc- 
ture is its magnetism. If a eutectoid alloy is quenched 
from above the eutectoid temperature, and then 
powdered, portions of the powder will be rather 
strongly ferromagnetic. In Fig. 22 is presented the 
diffraction pattern of the magnetic portion of such a 
powder. The sample was separated by collecting the 
particles adhering to a small permanent magnet 
which had been inserted into the powder. While the 
pattern shows the chromium phase to predominate 
there are indications of a partially formed nickel 
phase. The y (200) line is actually comprised of two 
lines as confirmed by other patterns 


Conclusions 
The investigation of the Cr-Ni system has resulted 
in the following conclusions 
1—There is a transformation in chromium at about 
1830 C tentatively identified as a change from a 


body-centered cubic to a face-centered cubic struc- 


2—The addition of nickel lowers the transforma- 
tion temperature, until at about 65 Cr-35 Ni a 
eutectoid temperature of about 1180°C results 

s—In alloys having approximately the eutectoid 
composition and quenched from above the eutectoid 
temperature, it is possible to produce a body-cen- 


tered tetragonal metastable structure 
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Free Energy of Formation of Cementite And 


The Solubility of Cementite in Austenite 


The solubility of cementite in austenite is computed by thermodynamic 
methods from the observed solubility of graphite. It is found that the solu- 
bility of cementite is greater than that of graphite in the entire austenite 
temperature range. Thus the prior discrepancy between this portion of 
the phase diagram and the observed metastability of cementite is partially 

resolved. 





OR sever years it has been apparent that a seri- 

ous disct n certain observation Table |. Enthaipy and Free Energy Functions for Cementite 
pertaining to th stem. Direct experimental 
data indicat 1—That the curve representing the Fe 
solubility of graphite in austenite cross¢ iat fo! T 
cementite’ at about 945°C as shown in Fig. 1. 2 per Deg) 
That graphite and austenite saturated therewith are¢ 


stable’ relative to cementite at all temperatures be- ' 
723 C. and the eutecti« 298.16 326 10.405 
- . a 176 10.493 
3 ¢ 10 7023 15.128 
T 1] ] , 304 
These observations are mutually incompatibl -- Bo ase 


tween the eutectoid, about 
, 
i 


about 1 


a well-known consequence 
lt t 29.408 

rmodynamics, ! l Li h tabl 90 1073 32.131 
sumably graphite at all temperatur - : oye 

lity than 1e metastable phas 20 30042 39.089 

; , on ; 41.113 
sumably cementite). Hence ther 1 or 2 above 0 ; 43.020 
44.824 
601 42744 46.536 

graphite or of cementite, I n ] as ) 170 45970 48.165 
: 0 49211 49.718 
the stability of graphite, is 1 rrol 2499 1204 
2600 55798 52.627 


lower solubi 


must be in error; either the measu! ylubility 


Our present purposes 





available di mm cel 


: : eems the best and most convenient way to represent 
H° —H,° and of (F° —H ’ I 


the heat and free energy of formation. 2—To deter- 
whether the measured solubilities of cementite 
LEGEND and graphite in austenite are in accord with the 
0 t l : > he ‘ . a 

»- MEHL AND WELLS, above table and the measured thermody) namic prop 
of austenite, in order to resolve, if possible, 


xisting paradox of these two solubilities 


Enthalpy of Cementite 

The enthalpy of cementite at 273°K, H H 
is computed by integration of the low temperature 
capacity as measured by Seltz, McDonald, and 
(68° to 298°K) and as given by the Debye 
tions recommended by them (0° to 68°K); the 
included in Table I. At higher temperature 
H is given by Kelley’ who used the data 
Naeser (298° to 1037°K) and of Umino” (273 

= f 1923°K) 

Sean ae f ——— We have recalculated H H from the data 
(EXPERIMENTAL) bape pis of Umino’ in the following way. In the equilibrated 
7 alloy at temperature the weight fraction of cementite 

Pet C Pet C 


(EXPERIMENTAL) 


- designated f(C), and the 
Pet ¢ Pet C 
738°+3°C(WELLS, 1938 L. S. DARKEN, Member AIME, and R. W. GURRY, are associated 
723°2°C(MEHL & WELLS, 1937) with the Research Laboratory, U. S. Steel Co., Kearny, N. J 
Discussion on this paper, TP 3128E, moy be sent, 2 copies, to 
%c : ; AIME by April 1, 1952. Manuscript, May 18, 1951. New York 


Fig. 1—Solubility of cementite and of graphite in austenite Meeting, February 1952 
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anes © #(C) 
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Fig. 2—Determination of the enthalpy of cementite from Umino's 
data on Fe-C alloys of 1.33 to 5.07 pct C equilibrated at 900°C 


fraction of austenite is one minus this quan- 
The heat evolved on quen hing 1 g of the alloy 
designated Q, is therefore 


where Q” is the heat liberated by 1 g of austenit 
on cooling (perhaps somewhat vague on account of 
the uncertainties of transformation) and Q is 
H H If Q be plotted against f(C) the in- 
tercept at f(C) lis H H and the un- 
eliminated by the extrapolation 
hown in Fig. 2. It will be noted 
inde- 


certainty as to @ 

A typical plot 
that the extrapolated value is substantially 
pendent of whether or not the correction (for aus- 
tenite decomposition) suggested by Umino is used 
The results differ somewhat from those reported 
by Umino. It is believed that the recalculated values 
represent more truly Umino’s experimental deter- 
minations, and these have been plotted along with 
Naeser’s and Umino’s original determinations in Fig 
3. The final curve differs only-slightly from Kelley's, 
except in the extrapolated portion which is of no 
nterest for the purpose of this paper, but is in- 
luded in order that the results may be used at 
temperature if desired. Combination of this 
H from the data of Seltz, McDonald 

permits the evaluation of H H 

given in Table I 


ranwie as 


Free Energy of Cementite 


DeWitt, and Emmett” have published 


recently the results of their careful investigation of 


the equilibrium between cementite, a iron, and mix- 


we - oe 
TEMPERATURE 7" 


Fig. 3—Enthalpy function for cementite 
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tures of methane and hydrogen in the temperature 
range 348° to 468°C. The results are in good agree- 
ment with the earlier investigation of Watase” (450 
to 603°C) on the same equilibrium. The greatest 
deviation in Browning, DeWitt, and Emmett’s ex- 
perimentally determined equilibrium constant from 
a smooth curve is about 10 pct, corresponding to a 
precision of about 150 cal in the free energy of 
formation. The short temperature range gives rise 
to a corresponding uncertainty of perhaps 400 cal 
in their determination of the heat of formation of 
cementite 

Combination of these recent results of Browning, 
DeWitt, and Emmett with other information affords 
an opportunity for an improved evaluation of the 
free energy of cementite and a precise determination 
of the relative stability of graphite and cementite 
The solubility of graphite and cementite in austenite 
is generally believed to be known with considerable 
precision in the vicinity of the eutectoid; however, 
preliminary calculations indicated that these data 
are somewhat inconsistent with the other data to be 
considered and hence no great weight was placed 
upon them here. The temperature difference (about 
7°C) between the graphite eutectic and the cemen- 
tite eutectic of the Fe-C system permits (in con- 
junction with thermodynamic data on austenite) an 
evaluation of the free energy of formation of 
cementite in the vicinity of 1153°C. The heat of 





Table |i. Measured Eutectic Temperatures 


Cementite 
Eutectic Eutectic 
Tempera- Tempera 
tare, °C - 


Graphite 


Differ- 
ence, °C 


and Goerens 


on repetition and y irons, data obtained 


ng curves 





formation and the entropy of formation as evalu- 
ated from the low temperature heat capacity are 
also pertinent. These various data are collated in 
the following way 

H 


The function may be obtained as 


T 
H ) d(1/T) or more conveniently as 


. dT. The plot for the graphical 
T 

integration is shown in part in Fig. 4. Considerable 
uncertainty is involved in the low temperature por- 
tion of the integration; experimental error is greatly 
magnified here due to the form of the curve which, 
as usual, contributes a rather large area in this re- 
gion. In order to eliminate this source of error at 
higher temperature, this error, which is a constant 
for temperatures above 25°C, has been represented 
by 8 and an asterisk has been used to denote that 
the integral is in error by the value of 6. Thus, 


F ae [ {" H’" —H ir |’ , 
o a 
7 ,* r [1] 


The free energy of formation of cementite, AF, may 
be obtained by combining the above function with 
similar functions for iron” and for graphite:°* 
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Combining eqs 1 and 2 


7 H* H,"* — Jee ie H 

{ dT 3 - 
Jo T T 
Fs aS AF SH 


= T T 


or, multiplying by T and changing signs 


Each of the first three terms on the left of eq 4 is 
now known as a function of temperature and a 
knowledge of AF at two or more temperatures per- 
mits the evaluation of AH,° and of 6. By plotting 





Table ti!. A Comparison of Thermodynamic Functions for the 
Formation of Cementite from a iron and Graphite ‘Cal 


This computation 5981 ) ) 2916 1477 
Kelley's computation 5500 
Browning, DeWitt 

and Emmett 5453 38 2850 1680 
Watase 5756 6 661 2930 172 
Seitz, McDonald 

and Wells 
Naeser 5600 
Roth 5400+ 
Andes?” 





the left side of eq 4 against T a straight line should 
be obtained whose intercept and slope are AH,” and 
The plot is shown in Fig. 5. The 
points represent: 1—the data of Browning, DeWitt, 
and Emmett near the extremes of their temperature 
range; 2—the data of Watase near the extremes of 
values obtained from the 


6, respectively 


his temperature range; 3 
graphite and cementite solubility lines of Fig. 1* 
over approximately the range covered by the in- 
vestigation of Mehl and Wels: 4—a value com- 
puted from the observation that the iron-cemen:ite 
eutectic is 7°C lower than the iron-graphite eutec- 
tic;* and 5—crude values at room temperatures 
from the AH, of Naeser™ and AS... from the meas- 
urements of Seltz, McDonald, and Wells, and Naeser 

In constructing the line of Fig. 5, it is seen that 
great reliance cannot be placed on the values from 
the vicinity of the eutectoid of the Fe-C system, as 
the corresponding points lie on a curve with slope 
appreciably different from that drawn; nevertheless 
the mean value fits well. The most weight has been 


* This computation involves the use of the activity of carbor 
and of iron in austenite. These are taken from the work of Smith 
The equations employed are 
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TEMPERATURE - 


Fig. 4—Plot for evaluating the free energy function for cementite 


the new measurements of Browning, De- 
the value from the eutec- 


given: 1 
Witt, and Emmett; and 2 
tic of the Fe-C system. 

Choice 2 requires some justification since the se- 
lected line of Fig. 5 implies an error of about 0.08 
pet C in the graphite or cementite eutectoid (or 
distributed between these two points) of the gen- 
erally accepted temperature-composition diagram, 
Fig. 1. The previously available data on the tem- 
peratures of the two eutectics were discussed by 
Epstein Only two determinations are reported in 
which the two eutectic temperatures were measured 
on the same specimen. Table II gives the results 
An investigation soon to be reported by Darken and 
Filer of this laboratory indicates a difference of 
about 6° (1153° and 1147°C). Hence it is considered 
justifiable to conclude that this temperature differ- 
ence is undoubtedly 7° + 2°. As will appear later, 
a difference of 5° near 1130°C is equivalent to this 
selected value in so far as Table I is concerned. As 
a 2° error here corresponds to only 100 cal, in the 
ordinate of Fig. 5, this figure of 7° difference in the 
eutectics seems one of the most firm foundations on 
which to base the calculations. For this reason the 
line of Fig. 5 is drawn through the corresponding 
point (on the extreme right) 

From the large scale plot from which Fig. 5 was 
prepared AH,” is found to be 5114 cal and & 0.952 
This value of 6 is added to each of the integrals 


é 


8 





[© —GROWNING,OewiTT AND EMMETT ——~+Y 
| O — MEHL ANO WELLS CEMENTITE SOLUBILITY 
ial (GRAPHITE SOLUBILITY AS IN FIG |) 
OH* SH4CAL __| . — ar oF EUTECTICS + S°C 

SLOPE « 0.952 (GRAPHITE SOLUBILITY AS IN FIG. 1) 

A @ — warase 

’ Q — SELTZ, McDONALD @ WELLS S°E™ @ NAESER OH) 

[@ — NAESER S°EM AND WAESER OH 


LEFT SIDE OF EQUATION 4 





“36 506 — 
TEMPERATURE - °K 
Fig. 5—Plot of a thermodynamic function pertaining to the forma 
tion of cementite, for the purpose of evaluating the error in the 
free energy function for cementite due to inaccuracy in the heat 
capacity measurements at low temperature 


NOVEMBER 1951, JOURNAL OF METALS—1017 





“ y . 


Plot showing the metastabi 
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Table 


1V. Thermodynamic Functions Leading to 


Cementite in Austenite 


¥ of Formation 
of Fed 
ta 


From 


Fe 


the 
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graphite solubility of Fig. 1 and the carbon (and 
iron) activity data of Smith’ leads, by successive 
approximations, to the activity, a., of carbon (rela- 
tive to graphite) in austenite saturated with cemen- 

and thus to the cementite solubility. Values of 

quantities are given in Table IV. The cementite 
culated, which represents our best 


I 
i 


La 
shown graphically in Fig. 1. Since the 
carbon for the austenite-cementit 

ways exceeds unity (the minimum 
vicinity of 1340°K) it is apparent that 

tastable over this whole range. In 
against temperature the free energy 
cementite from graphite and the 

I libri graphite 


the a and 


Summary and Conclusion 
gy function and the enthalpy func- 
te have been computed and tabulated 
are believed to be reliable The 
enthal; (heat content) deter- 
1 determinations Other: 
(within the ex- 
value 5114 
formation of cementite at 
cementite is metastable 
iron from 0°K to the 
to graphite and 
from the eutectoid to 
if cementite in austenite 
mentally determined solu- 
greater than the latter 
range. The computed 
lly accepted direct ex- 
both 
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Habit Phenomenon in the Martensitic Transformation 


RENINGER and Troiano’ were the first to 

establish the fact that the habit planes of mar- 
tensitic products are usually planes of high indices 
In steels containing 0.55 to 1.4 pet C, the habit plane 
ndices are {225},.* In steels with more than 1.5 pct 
C and in Fe-Ni alloys, the 
presence of both habits in certain alloy 


indices are (259} The 
steels has 
been reported recently 

Several investigators have 
tempted to provide an understanding of these com- 
plex habit relations. Bowles” work is the most 
recent and the most successful. Like Greninger and 
3owles concluded that the transformation 


ubsequently at- 


Troiano 
occurs in two steps, the first, a strain (or displace- 
ment) that is homogeneous throughout the volume 
of the martensitic plate, whiie the second is a strain 
that is homogeneous only within relatively small 
portions of the martensitic plate. The first strain 
vields the measured tilt of the specimen surface, but 
does not final martensitic structure 
This and the correct lattice orientations are achieved 
Bowles also reasoned that each 


produce the 


by the second strain 
strain could be described by the motion of a plane 
of no rotation and no distortion (hereinafter called 
the invariant plane) in a direction net necessarily 
contained in the applying these con- 
siderations to steels with {225}, habits, Bowles found 
that the habit plane coincided with the invariant 
plane of the first strain, a result which signified that 
the atoms along certain 
transformation Whether this 
from the existence of some sort of a plate nucleu 


plane.**. In 


move paths during the 


correlation results 
lying along the invariant plane of the first strain, o1 
whether the invariant plane primarily defines the 
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Metallurgy, Massachusetts Institute of Technology, is now associ 
ated with the Dept. of Metallurgy, Columbia University, New York; 
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preferred directions of propagation of the first 
train, will be discussed in a later section 

There are two obstacles to the general acceptance 
of Bowles’ treatment: 1—it has not been shown that 
elements of his double-strain analysis are unique, 
and 2— it is not known whether his treatment ap- 
plies to transformations yielding the (259}, habit 
Unless these two questions are resolved, the cor- 
relation between the habit and invariant planes in 
the {225 systems might be regarded as coinci- 
dental 

Experimental Procedure 

Using a 70 pet Fe-30 pet Ni alloy as an example 
f a (259;, habit system, preliminary attempts were 
made to obtain a double-strain solution based on a 
Nishiyama*** set of orientation relations and on a 
adopting the stereographic 
3owles’ who used the Kurd- 
jumow-Sachs set in connection with the {225}, 
habit. These attempts were unsuccessful 
the method is essentially one of trial and error and 


either 


Greninger-Troiano? set, 


technique described by 


because 


good luck or a prior 
knowledge of the results being sought 


requires exceedingly 
Censequently it was decided to measure inde- 
ndently the strain associated with the formation 
well as the habit-plane in- 
particular plate. By means of matrix 


f a martensitic plate as 
of the 
ra, the measured strain was applied to the 

lattice orientation with respect to 

determined, in order to ascertain 
whether the resultant structure would have the lat- 

This was not found to be the 

case, and hence it was assumed that the measured 

tr ‘ Bowles-type strains, 
characterized by the motion of an invariant plane 

A solution of this displacement was obtained in 
s of the invariant-plane 

motion of the atoms 


austenite w hose 


the strain wa 


tice of martensite 


ain was the first of two 


indices and the direc- 
Then the second strain 


4 stands for austenite axes, and M (to be used 
tensite xes 

t description of the Bowles strain is that every 

: ’ yunt proportional t« 


ockwise 
This relationshir 
using a single crys 


counter 


a fle crysta of 


e Nist 
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Table |. Experimental Values of the Tangents of the Projected Angles Between the Transformed Positions of the 
Fiducial Markings or Axes and Their Original Positions in the Austenitic State 


Habit of 
Piate*** 


Strain 
Matrix* 





ed on the Greninger-Troiano ori- placement of a scratch parallel to the Z or [111], 

u the elements of both direction in the X or [112], direction. The tangent 

eins were ¢: = 1g the Bowles stereographi is positive if the positive side of the [111], axis 
ae puletion : a . moves in the [112], direction. It is evident from 
Single crystal “ pet Fe-30 pet Ni alloy Fig. 1 that the measurements for t,, and t,, are made 


rown from tl in a molybdenum-wound om the © oe (111). face, fe t.. and t.. on the EF os 


modified Bridgman tech- . —_ 
(112), face, et The group of six tangents for a 
red with three or- 
; given plate comprise the nondiagonal components 
(110), and (112) ‘ 
: J De of a matrix 
aligned parallel to 
fiducial mark- 
transformed 
_& Many 
This matrix will be called a T matrix inasmuch as 
lich made it is composed mainly of tangents of angles. The 
diagonal components t,,, t,,, and t., are not tangents 
however they are not necessary for this analysis and 
no attempt was made to measure them. It will be 
shown later that the T matrix is related to the co- 
ordinate-transformation matrix. (Ref. 4 contains a 
good resume of the elementary steps of matrix al- 
gebra as applied to the present problem.) 

Of some 40 observed plates, it was found that to 
each permutation of the habit-plane indices there 
corresponded one and only one T matrix, and vice 
versa. The habit planes corresponding to each of 
ihe six matrices given in Table I are shown in Fig 


2 relative to the coordinates used in this study 


Analysis of Results 
It is fir necessary to establish the relationships 
between the experimental quantities contained in 
the T matrix and the components of a coordinate- 
ansformation matrix, A. The A matrix simply 
elates the initial and final positions of points in the 
I formed region. Thus, if the initial coordinates 


point are x, y, z, its final coordinates are given 


equations relating the T matrix to the required 
rix are derived in Appendix I 

is assumed that the transformation can be 

bed by one homogeneous strain, then applica- 


tion of the measured strain to the austenite lattice 


hould generate a body-centered cubic lattice (Fe- 

Ni martensite). This calculation is performed in 

Fig. 1—Showing scribed lines the directions of which change Appendix II and the conclusion is reached there that 
upon traversing a martensite plate the measured strain does not yield a body-centered 


Meaning of ote iliustrated with reference te three ‘ 
orthogonal axes cub la Hence, the ngle-strain concept of 
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x PEMUTATIONS OF PLANES 
e HABIT PLANES 


io), 


Fig. 2—Habit planes on (111), projection, corresponding to 
the six variations in Table | 


Jaswon and Wheele: 
formation in this alloy 


does not apply to the trans- 


The next step in the analysis was to determine 


whether the Bowles double-strain method is con- 
sistent with the data. The procedure was as follows 
1—-Assume that an invariant plane of general 
orientation with respect to the axes used in this 
investigation (two parameters suffice to describe the 
position of the pole of the invariant plane with 
respect to the reference axes) moves in some direc- 
tion lying in the (111), plane 
2—Set up a general coordinate-transformation 
matrix relative to the reference axes on the basis 
of such motion of the invariant plane. This matrix 
will then contain as unknowns the two parameters 
that specify the position of the invariant plane rela- 
tive to the reference axes, a third parameter that 
specifies the direction of motion of the invariant 
and a fourth parameter that specifies the 
magnitude of the motion. Six equations are ob- 
tained by equating+ the nondiagonal components of 
the A matrix (as calculated from the measured T 
matrix) to the corresponding components of the 
general coordinate-transformation matrix. Two of 
these equations hzve already been used because of 
the fact that the direction of motion of the invariant 
plane lies in the (111), plane. There are four equa- 
tions left and hence it is possible to calculate the 


plane, 


parameters defining the position of the invariant 
plane and direction of motion of the atoms 
These calculations have been performed in Ap- 


tion must lie in the (111)4 plane because 
I Appendix II) that the (11l),4 plane 
r a single additional parameter is ne 
rection of motior 

rection of motion of all the atoms 


es the measured stra is a homogene 


riant plane is found to be 
derived independent), 


rix real coes 


and 

positior that poles of planes and directions ir 
after straining to martensite this knowledge is 
displacement hypothesis of Jaswor and 

final orientation relationships then it is 

owlr requirements of the Bowles analy 

of planes that contain the 

must lie 
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s 


e PLANES OF NO DISTORTION A 
NO ROTATION (MATRIX ANALYS 


HABIT PLANES 
PERMUTATIONS OF PLANES (259), 


Fig. 3 111), projection of planes of no distortion and no 
rotation and corresponding habit planes 


pendix III. It is found that one and only one invari- 
ant plane is associated with a given T matrix, and 
that this unique invariant plane is closely parallel 
to the independently measured habit plane asso- 
ciated with the given T matrix The excellent cor- 
relation between such experimental habit planes and 
their respective calculated invariant planes is shown 
in Fig. 3. The directions of atom motions for the T 
matrices are given stereographically in Fig. 4 
Roughly these directions have the indices 156>, 
In each permutation, the direction of motion does 
not lie in the invariant plane, and hence the first 
strain is not a simple shear 

Using the matrix method, the elementsttt of the 
second strain can be calculated from a knowledge of 
the first strain and the final orientation of the mar- 
tensite relative to the austenite. It is assumed that 
the atoms move to the nearest set of proper posi- 
tions in the oriented martensite lattice after the 
first strain.‘ This calculation is performed in Appen- 
dix IV. The results are shown in Fig. 5 for the case 
where the (259), permutation is the invariant plane 
of the first strain. The invariant plane of the second 
strain is close to (235), and the corresponding direc- 
tion of motion is [1ll]y. This direction lies in the 
second invariant plane, and hence the second strain 
is truly a shear. The elements of the first and 
second strains are summarized in Table II 

If the above analysis is consistent with the Bowles 
double-strain analysis, then the assumption of a pair 
of elements for either one of the strains should 
yield the pair of elements for the other strain using 
Bowles’ stereographic treatments.§ Figs. 6 and 7 show 
that, starting with either pair of elements given in 
Table II, the other pair of elements can be obtained 





Elements of Strains for Martensitic Transformations 
having (259), Habit 


Table I! 


First Strain Second Strain 
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Fig. 6—Stereographic analysis of plane transformations 


Fig 4—Direction of atom motion associated with first strain Initial and final positions of poles of planes that contain 
train lie on the 

tor th ° ’ the direction of atom motion during one » 

@ six permutations of habit plone indices observed same great circle as the pole of the invariant plane of the 


All directions relate to austenite other strain 


P 4 Fig. 7—Stereographic analysis of direction transformations 

Prec | el nts of secon 

Stere graphic solution showing Cemeaw - Initial and final positions of directions lying in one of the 

strain corresponding to |‘ 259), habit plane invariant planes lie on the same great circle as the direc 
tien of atom metion during the other strain 


followed by B, then application of B followed 
does not result in C. Thus, the correct orienta- 
relation cannot be attained except by the prope! 
equence of the invariant-plane strains in Table II 
lescribed here hold, in principle 

as well as for the {259}, systems 

Discussion of Results 

1 ms of the Bowles Analysis: The question 
now be raised as to the uniqueness of the solu- 
obtained using the Bowles double-strain anal- 
is, does a knowledge only of the orienta- 
ship between the austenite and marten- 
and their structures permit a unique 
the elements of the two invariant- 
trains? Consideration of this problem leads 
conclusion that the Bowles double-strain 
lysis, of itself, does not yield a unique pair of 


ariant-plane strains.§8 Some additional condition 


required to make the solution unique. This condi- 
according to the reaction-path concept of the 


transformation, that the fi strain in- 


the minimum activation energy, whether it 
predicted a priori or not, is the one that 
lly operates. Then, the Bowles analysis, on the 
of the final orientation relations, will predict 
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a unique set of elements for the second invariant- 
plane strain. Theoretically, if the potential energy 


curve as a function of the strain for each possible 


first strain was known, then a unique pair of in- 
variant-plane strains, and thus their elements, could 

be predicted 
From the observation that the atom motion in the 
second strain takes place along the only direction 
that remains close-packed in the unrotated, but dis- 
torted (111), plane after the first strain, for both 
the {225 case and {259 case, tentative 
for predicting the unique invariant plane of the first 
(and hence the habit plane) can be set up 


criteria 


the Bowles stereographic analysis and the 
final orientation relationship between the austenitic 
and martensitic structures. Of the two close-packed 
in the (101), plane, the direction of mo- 
tion in the second strain is selected as the one which 


directions 
makes the smaller angle with its original§§§ close- 
packed <110 direction in the (111), plane. Thus 
poles of } in the zone of this direction must 
l great Cl as the pole of the in- 


plane of the first strain. By choosing this di- 


Same 
rection as the second direction of atom motion in 
the Bowles analysis, a unique prediction for the 
habit plane is obtained This procedure might be 
termed a modified Bowles method 
foregoing criterion for the habit-plane pre- 

suggests that different orientation relations 
will predict different habit-plane 
ticular, the Kurdjumow-Sachs orientation predicts 


indices, the Greninger- 


indices. In par- 


the {225 set of habit plane 
Troiano orientation predicts the [259 set, and the 
Nishiyama orientation predicts a {5 34 46}, set. It 
hould be iphasized that the 


habit plane does not mean that the 


above criterion for 
prediction of the 
is controlled physically by the final or 

rather the 


corresponding to the 


implied 
mini- 

y path will, according to the 
letermine final 

the habit plane 
ee 
id the Invariant Plane of 

as now been demonstrated that the double-s 

mechanism of martensite formation in ferrous al- 


; can le: to a plane of no distortion and no ro- 


u lying close to the {259 
I when rrening T l o orientation pre- 
vails, and lying clo to th 22 habit when the 
Kurdjumow-Sachs orientation prevails. These find- 
rongly suggs¢ that the double-strain mecha- 
hat the correlation of the habit 
invariant plane most sig 

le explanations for this cor- 
explanation, as indicated by 
existence of a two-dimen- 
having 
the plate to 
lickness 
habit 


along the habit plane, 
f 
f 


radial dimensions o 
the plate 
intain the plane o 


first strain 


grows in 


invariant plane 


second explanati is based on the very rea- 


assumption martensitic embryo is 
all comparec he final martensitic plate 
neces account for the preferential 


sformation along the invari- 
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Fig. 8—Illustration of the effect of plate orientation, with respect 
to the invariant plane of the first strain, on strain energy 


is the unit shear strain and is the unit normal strain relative 

to the invariant plane. Note that if | t he displacements in the 

austenite surrounding the plate are smallest when the plate lies 
parallel to the invariant plane 


u This result follows di- 
rectly from a consideration of the strain energy de- 
veloped in the austenite by a platelike region with 
different orientations of the plate relative to the 
illustrated in Fig. 8. The plate 
thickness h, 


int plane -of the first strain 


invariant plane, as 
has length and width dimensions u 


and 7 is taken equal to 10. From the assumption 
that the stress developed at any point is propor- 
tional to the displacement of that point, and that 
the displacement is determined by the first strain 
only, the strain developed in the austenite 
plate lying parallel to the invariant plane 
t ut to be only 1/50 that for the plate lying 
normal to the invariant plane. Therefore, it can be 
concluded that as the first strain spreads out radi- 
ally from the small embryo, the 
first encountered in the thickness direction 


eners 


largest resistance 
This 
resistance to the propagation of strain soon reaches 
a sufficient magnitude to limit further growth in 
thickness, probably by the onset of plastic flow 
The propagation of the strain along the invariant 
plane is relatively unhindered, and hence the plate 
preads outward from the embryo mainly along the 
nvariant plane of the first strain. The habit plane, 


l parallel to the invariant plane of the 


as a result, lie 
first strain 

There are two implications in the latter basis for 
the choice of the habit plane. 1—Inasmuch as the 
invariant plane in this Fe-Ni alloy invariably be- 
longs to the {259 family, then there must be a 
unique crystallographic first strain that is preferred 
to all other possible strains (such a unique crystal- 
lographic first 


strain is found experimentally as 


9—Pictorial representation of propagation of first and second 
strain through lattice along or normal to invariant plane 
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synonymous with 
path.” It is 

reaction path would 
red to othe becau the activation energy 
paths 


reaction 


path i leas f all 
ing the 
on of the “least 

e hat plane is that the 


does not contribute materially to the 


possible 
one thi ates dur first strain 


resistance” 


developed in the austenite during the 


when the hat 


it plane is being deter- 


n energy would not be a 
the invariant plane 
homogeneous 
limited to ex- 
affect appre- 
urrounding 

} rain occurs after the first 
completed throughout the entire 
seems im- 
consistent with the 


in measurements 


The latter alternative 


macroscopk ally 


nfluence the ob- 


described as the 
rain outward from 


9 The 


Fig. 11—Martensite plates in a medium carbon steel 


Habit plane indices are 25 and the plane of the paper is approxi 


mately rit After Greninger and Troiane 
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Fig. 10—Martensite plates in a 1.1 pct 
C, 5.4 pct Ni steel 
Transverse markings on plates appear to 
be the traces of the invariant planes of 


the second strain X1500. Taken by W 
4. Harris, Jr.. M.L.T., 1948 


embryo just exceeds the critical strain for nuclea- 
tion. The strain at the embryo then increases as the 
wave front of the first strain moves away from the 
embryo. When the magnitude of the first strain at 
the embryo reaches its final value, the second strain 
commences. At this time, the wave front of first 
strain has shifted to a position somewhat removed 
from the strain embryo. Hence, there exists a phase 
lag between the wave front of the first strain and 
that of the second strain. After the wave front of 
the first strain is stopped at a barrier, the wave front 
of second strain catches up with it to complete the 
formation of a martensite plate. This model of 
plate formation implies that the interface region 
between the austenite and the martensite during 
formation is thicker than one atomic spacing 
Bowles’ model involves the addition of one plane of 
atoms at a time, and neglects the gradient of sec- 
ond strain up to and beyond the moving interface 

Double-Strain Nature of the Martensitic Trans- 
From the fact that the habit-plane pre- 
dictions of the modified Bowles method are success- 
ful, and that the invariant-plane strains must have 
the proper sequence to yield the correct result, it 
may be concluded that at any point in the trans- 
forming region the reaction actually takes place by 
the operation of two successive strains in point of 
time.‘* This situation makes it most unlikely that 
the plate formation could occur via atom-by-atom 
diffusion across a sharp interface 

Further evidence for the double-strain mechanism 
is shown in Fig. 19. The subbands within the mar- 
tensite are brought out by tempering an Fe-Ni-C 
alloy. In the (225), habit, the structure 
developed by the first strain is altered during the 
second strain by a shear of (112), planes in opposite 
directions (111), 
of the martensitic 
Kurdjumow-Sachs 
ture 


formation 


case of a 


and (111), to form twin-bands 
structure in two variants of the 
orientation.*** A _ similar pic- 
holds for the (259), habit except that unequal 
amounts of shear are required and the final orienta- 
tions are two variants of the Greninger-Troiano set 
It is believed that on tempering the carbides tend to 
preferentially along these twin-like 
boundaries, as in Fig. 10, to delineate the banded 
structure. Hence these subbands provide indepen- 


precipitate 


The presence of (225) habits as well as (259! habits in the same 
system? implies the existence of two alternate reaction paths 
ng almost the same activation energy 


** There is no necessity so far to require each of these strains t 
achieved by straight line motions 


This feature of the double-strain hypothesis is very satisfying 
tively The first strain produces an unstable structure that is 
trical with respect to the formation of pairs of twins through 
s of (112) planes in the same or opposite directions. This 
n does not exist until the first strain has been achieved 
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dent evidence for the occurrence of a second strain 
that is macroscopically heterogeneous 

Cooperative Formation of Martensitic Plates: Be- 
cause the second strain is macroscopically hetero- 
geneous, the direction of motion of the austenite 
adjacent to the sides of a martensitic plate is given 
by the direction of motion of the atoms during the 
first strain. A study of the directions of motion for 
all’ the possible permutations of the {259}, habit 
shows that there are four directions of motion lying 
on a cone of approximately a 10° half-angle about 
any <110>, direction; there are also six motion di- 
rections lying within a 28° half-angle cone about any 

111>,, eight motion directions iying within a 42 
half-angle cone about any 100>,, and twelve mo- 
tion directions lying within a 43° half-angle cone 
about any 111 An analogous study of the di- 
rections of motion for all the possible permutations 
of the {225}, habit indicates that there are three 
motion directions on a 20° half-angle cone about 
any 111>, direction; there are also four motion 
directions on a 30° half-angle cone about any 

110>,, four motion directions on a 35° half-angle 
cone about any 100>,, and six motion directions 
within a 55° half-angle cone about any <110>, 

It may be expected that the strain energy per unit 
thickness of plate generated by the formation of 
plates adjoining the same austenitic region will be 
less if the plates tend to move the intervening aus- 
tenite in the same direction rather than in opposing 
directions. In other words, a cooperative action in 
the martensitic transformation of many plates is 
predicted if their almost simultaneous appearance 
helps minimize the resisting strain energy. A rough 
measure of this cooperation is the number of “com- 
mon” directions of motion in the first strain, and a 
comparison of the {259}, and {225}, habits shows 
that the degree of cooperation expected in the 
former is about twice that in the latter. The fact 
that there are twice as many {259}, planes as {225 
planes leads to a similar conclusion 

Pictorial evidence for this measure of cooperation 
is given in Figs. 11 and 12. Fig. 11, taken from ref 
1, shows a (111), plane in a medium carbon steel 
having a {225}, habit. The triangular configurations 
of martensitic plates correspond to the three {225 
poles ‘ying on about a 20° half-angle cone around 
the [111], direction. This i: the most preferred 
grouping of plates in the {225%, system according to 
the above concept of cooperative movements. Fig 
12 shows two {259} type plates; specifically the 
habit planes are (592), and (952), where the plane 
of the page is (111),. The common direction of 
motion (the half angle is about 10°) is [110],. This 
is one of the two most preferred groupings for the 
1259}, habit systems according to the above criterion 
of cooperation 

These concepts receive further confirmation in 
that they account for the observation of Greninger 
and Troiano’ regarding the tendency for {225 
systems to show obtuse angles between pairs of ad- 
joining plates, whereas the {259}, systems are char- 
acterized by acute angles between such pairs of 
plates. It turns out that a random section through 
the {225}, grouping in Fig. 1] will exhibit obtuse 
angles, while a random section through the {259 
grouping in Fig. 12 will exhibit acute angles 

Twinning and the Martensitic Transformation 
Bowles’ describes the elements of the two strains in 
the {225}, system as close to those of twinning in 
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Fig. 12—Martensite plates in a 70 pct Fe-30 pct Ni alloy 


Habit plane indices are (259), and the plane of the paper is (111). 
X500 


the austenite and martensite respectively. In this 
study, it is found that the first strain has nothing in 
common with the twinning crystallography of aus- 
tenite, whereas the second strain involves an ap- 
proximation of the twinning elements for the mar- 
tensitic phase. The second invariant plane is about 
5° from the twinning plane of martensite, while the 
direction of atom motion is the same as in twinning 

Reinvestigation of the results of Bowles as well 
as those of Greninger and Troiano’ discloses that the 
first direction of motion is in the anti-twinning di- 
rection. Thus the first strain of the Bowles {225} 
solution is not one of twinning in the austenitic 
phase. The second strain for the 5}, case involves 
exactly the twinning elements of the martensitic 
phase. These facts lend credence to the conclusion 
that the second strain follows the first in any unit 
of volume undergoing the transformation. The first 
strain can be said to involve the most favorable re- 
action path for the transformation in the austenitic 
structure. The second strain involves the most 
favorable reaction path in the martensitic structure 
for the final position along the first strain. Indeed, 
it now appears that the final position along the first 
strain is a result of the intercession of « change in 
the reaction path (the second strain) which is more 
favorable than a continuation of the first strain 

Magnitude of Strains: It is interesting to note 
that the magnitudes of the strains associated with 
the transformation are much larger than elastic 
strains. For example, the component of strain nor- 
mal to the invariant plane of the first strain is about 
0.05, and the shear component is about 0.20; whereas 
the respective values for the second strain are 0 and 
0.16. Because of the large stresses that must be 
associated with the normal component of strain 
during the first strain (the resisting stresses are 
compressional), it is likely that hydrostatic com- 
ponents of stress would affect the course of the 
transformation. This prediction, which was pointed 
out by S. A. Kulin, was recently confirmed by him 
at M.LT 

Evaluation of Theories Describing the Formation 
of Martensitic Plates: There are at least three the- 
oretical descriptions of the formation of a marten- 
sitic plate. One can be described as an atom-by- 
atom diffusion growth under the influence of co- 
herency Another is the mechanism described by 
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Derivation of Relations between Measured T Matrices 
and the Coordinate-Transformation Matrices 
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Now t,. is the tangent of the angle between the X 
direction and the final position of this line projected 
onto the Z plane (Figs. 1 and 13) As shown in Fig. 13 
tye is related to the components of A by the following 
equation 


[A-3 


A-4 


By similarly investigating the transformation of 
points in the Y and Z axes, the following relations ar« 
obtained 


A-6 


The diagonal components t t t.. need not be 
liscussed here unnecessary to the 
analysis and have not been measured. They represent 
extensions or contractions and are difficult to deter- 


because they are 


mine 

Calculation of Equ valence of T Matrices 3ecaust 
the Z axis is the [111], direction (Fig. 1), there exists 
a three-fold symmetry about this axis. Thus, a counter- 
clockwise and clockwise rotation by 120° should yield 
crystailographically equivalent matrices; that is, trans- 
formations in which the reaction path during the 
transformation is exactly the same 

In order to ascertain which of the T matrices are 
equivalent, values of the diagonal components are re- 
Such values have been approximated in Ap- 
It was found that T T.’, and T.’ are re- 
lated to one another by 120° rotations about [111 
and similarly for T,.”, T T Furthermore, in in- 
vestigating the relation between the _ single-prime 
matrices and the double-prime matrices, it was also 
found that any one single-prime matrix has a mirror 
symmetry with one of the double-prime matrices 
across a {110 plane. Thus, it may be concluded that 
all the matrices are crystallographically equivalent in 
that they represent the same crystallographic reaction 


quired 
pendix Ill 
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The best choice found for T 


and for T 


Appendix Il 


Can a Body-Centered Cubic Structure be Obtained 
From the Measured Strain? 


Inasmuch as the nondiagonal components of the T 
matrices (the only measured components) will yield 
the final positions of the axes (Fig. 1), the final angles 
between axes to determine whether the measured 
strain generates a body-centered cubic structure can 
be investigated 

From all the X-ray determinations of lattice orienta- 
tions, it is found that at least one {110}« plane is 
parallel to a {111}, plane.* From the work of Gren- 


be deduced from the work of Greninger 


se-packed planes in the austenite become 


site 
considering Fig 
ose-packed 
hoices of transforn 
»-packed directions 
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7] 


Fig. 14—Arrangements of atoms in (111), and (101) 
showing the three possible sets of choices of martensite 
directions derivable from [110], and [112], 


Note: Closed circles lie in next plane above plane of 
open circles 


inger and Troiano (Fig. 6 of ref. 4), it is also known 
that the pole of this {111}, plane lies in the same 
octant on the stereographic projection as the pole of 
the habit plane. Using this knowledge and the fact 
that all the habit planes corresponding to the T 
matrices lie in the same octant as (111).,, it may be 
concluded that (ill), becomes (101). This means 
that the final position of the (111), plane after the 
transformation is unrotated with respect to its initial 
orientation. In addition, the fact that t Cos 0 
shows that the (111), plane does not rotate during the 
first strain. Also, the fact that t 0 and t, 0, 
shows that the (111), is not the invariant plane of the 
first strain. Hence, the (111), must lie in the zone of 
the direction of motion of the invariant plane 

The next step is the determination of the angles be- 
tween the deformed positions of the X and Y axes 
According to the convention of sign, the final angle 
between the X and Y axes, providing t t 0, is 


90 tan’ ft, tan t., 


Inasmuch as t t 0 for all the T matrices, this 


angle can be calculated and for T,’ is 


90 tan” 0.01 tan” 0.10 83° 40° 


There exists an experimental uncertainty in both t,, 
and t, Taking the extremes, the uncertainty in this 
transformed angle is about + 1° 30 

Reference to Fig. 14 shows that the most probable 
choices of angles for this “deformed” angle in the final 
body-centered cubic martensite are 90°, 70° 32’, and 
109° 28',** All these choices are out of the experi- 
mental range found (83° 40° + 1° 30’) and hence it 
may be deduced that the structure corresponding to 
the measured strain is not martensite. Further cal- 
culations assuming the strain to be characterized by an 
invariant plane (Appendix III) shows unequivocally 
that the structure corresponding to the measured strain 
is not martensite 


Appendix III 


Calculation of Invariant Planes and Directions of Atom 
Motion Corresponding to Measured T Matrices 


Now that the coordinate-transformation matrix has 
been related to the measured T matrix, A can be 
derived on the basis that in the transformation there 
exists at least one plane of no distortion and no rota- 
tion 

Let a set of coordinates be chosen in the following 
manner: The Z, axis is taken perpendicular to this 
plane of no distortion and no rotation. Then conside1 
the most general motion of this invariant plane; that is 
motion in a direction not contained in the plane. The 
X, axis is chosen to lie in the invariant plane and in 
the plane defined by the direction of motion and the Z 
axis. The Y, axis defined by a right-handed set (as in 
Fig. 13) then lies in the invariant plane. Relative to 
these coordinates the most general coordinate trans- 
formation matrix which leaves the X,Y, plane undis- 
torted and unrotated is 
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matrix analysis for determining the experimental first invariant 


FIRST OIRECTION 
OF ATOM MOTION 


No. O 
Fig. 16—Motior of atoms of primitive tetrahedral cell of austenite 
during transtormation to martensite 


plane and direction of atom motion Motions lie in plane of paper which is (111), (101) Atem Ne 
‘ Hes in plane above the plane containing atoms No. 6, 1, and 2 


15—Positions of coordinate axes and rotations used to illustrate 


r 


A-13 


A-l4 


Because the diagonal components t tyy, tee have not 


been measured, it is necessary to use an approximation 

method to obtain the values of the components 

as follows 

1—Assume a t,, and calculate values of 

i. g; (gms) and n using eqs A-10 to A-14 

carried into a plane parallel 2—With these tentative values of cosines and sines 

Further, it can be proved that calculate first approximations of the diagonal con 
ponents dss, @,,, a». using eq A-9 
3—Using these values of the diagonal components 


in the plane are preserved. Hence 


X.Y, plane is an invariant plane 
recalculate the second approximations of the nondi- 


wever e matrix A, must be convert int 


rdinate svstem used agonal components and repeat steps 1 to 3 until the 


do not change measurably with 


A no 
ivalent matrix in the coor 
neasurements because the X,Y,Z, axes are arbi- 


these consideration This calculation can be 


computed values of a 

further approximations 
It was found that the second approximations 

sufficient since rapid convergence existed 
second-approximation solutions corresponding 


either wise or in one operation. Inas- 


resulting quantitie 


were 


liscussion will be The 
T and T are 

rdinate systen 

ived fr m A, by . o/f 
) 

ubscripts in the 1.29 + 0.581 + 0.878 

sine between the 0.100 + 0.685 +0.61 

Using matrix 

is follow In using these values, care must be taken 

istent in sign for any particular choice of si 

liable to result in 


to be con- 


n f 
D 


Sign of 


and f. Otherwise the solutions are 

rotations in the wrong directions 
On carrying through the calculated rotations 
olutions to T,’, T.”, and their crystallographic equiva- 


the results shown in Figs. 3 and 4 are obtained 


for the 


lents 


Appendix IV 


Calculation of Elements of Second Strain 


be- 
determined 


and the The elements of the second strain can be ined 
deter- by the following procedure 
1—Calculate the positions of the atoms defining the 
primitive tetrahedral cell in austenite after the first 
train relative to the austenite lattice 

2—Pick the orientation of the martensite lattice 
relative to the austenite and transform the positions 
1 to be relative to the martensite axes 


found in 
atoms that 


3—Select the nearest positions of these 
would correspond to the martensite structure 

4—Calculate the coordinate transformation matrix 
required to transform the atoms from the positions 


found in 2 to their respective positions chosen in 3 
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5—Analyze this matrix 
lined in Appendix III B 136 0.987 0.17: sila 
Carrying through this procedure using T.’ to deter- — 
mine the positions of the 


according to the method out 


atoms after the first strain hi iB BA, and the matrix multiplication is not 
the following results are obtained (Fig. 16) utative 


3ecause A and B are the invariant-plane solutions 
After First Strain for the first and second strains, and the order of ap- 
plication of A followed by B (see Appendix IV) yields 

Position Position Nearest 


I 
Relative te Relntive ¢ ne sae correct final orientation, then this sequence must 
e e a ete om 
Austenite Martensite Position in be followed physically 
Atem Axes Axes Martensite 
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Technical Note 


Metallographic Techniques for Austenite Grain 
Size of Steels in the As-Cast State 


f is 
finer than ASTM grain size No. 8. Furthermore, there 
apparent relationship between as-cast austenite 

ize and subsequent grain 
reatment 


The as-ca 


ze in cast steels has 


A SERIES of papers or study of austen grain t of austenite grains which, in many instances, 


These studies show that i 
tenite grains are quite lai size produced by 
steel freezes at a very high tem 


reheating above the cri t austenite grain size can be determined 


ly in plain carbon and low alloy steels which 
E. A. LORIA, Member AIME, formerly Senior Fellow, Mellon roduce a continuous grain boundary ferrite envelope 
Institute of Industrial Research, Pittsburgh, is now Senior Engineer cast structure. In the « 
I ne as-Cas rt tu r 
Metallurgy, The Carborundum Co., Niagara Falls, N. Y : : lov ol 1) 
TN 88E Manuscript, July 13, 195] Wri anoy content produces 


ase of cast steels 
greater hardenability 
uppresses the proeutectoid ferrite transforma- 
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Fig. 1b—As-cast macrostructure of alloy cast steel containing 0.31 
pct C, 1.44 pct Mn, 0.26 pct Mo. § pct nital-! pct Zephiran chio 
ride etch. X1.7. Area reduced approximately 20 pct for reproduction 


Fig) la—As-cast macrostructure of alloy cast steel containing 
25 pct C, 1.05 pet Mn, 0.65 pct Ni, 0.6! pet Cr, and 0.22 


pct Mo. Moditied nitrosulphuric etch. X2. Area reduced ap 
proximately 20 pct for reproduction 


ich indicator of the 
boundarile Hence 
ial etching reager 
ire. Perhaps some 
ize determinations can be see if 
iven to the mechanism of diffusion and its 


zation of structural component 
reatment. Normally structur l Fig. lc—As-cast macrostructure of alloy cast steel containing 0.31 


rapidly attained with the smaller pet C, 1.44 pct Mn, 0.26 pct Mo. Modified nitrosulphuric etch. X2 


treatment required Area reduced approximately 50 pct for reproduction 
hould normally macroetch is really needed, and hence the best re- 
grain si ts have been obtained employing 1 pct Zephiran 
6 pct nital. An example of the way this 

ain boundary etchant reveals the as-cast structure 

n conventional 1'sx1%'4 in. tensile test coupons of 

| cast steel is given in Fig. 1b. Each cross-section 

mmersed in the reagent until the grain boun- 

became apparent visually. A comparison can 

ide with a similar sized coupon of the same 

st steel etched with the modified nitro- 

eagent and shown as Fig. Ic. Thus it can 
iat the modified nitrosulphuric reagent 
contrast etchant and the 6 pct nital-1 pct 
n chloride reagent as a grain boundary de- 


welcome additions to the tools available 
allography of cast steels 
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oundryman’s 


tching. Since the 
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Low Sulphur Steel from High Sulphur Raw Materials and Fuel 


A description is given of the development of a process for making 
low sulphur steel on furnaces fired with 2'2 pct sulphur oil. Slag 
and metal are analyzed at melt. Slag weight is estimated. A simple 
method for calculating necessary lime additions for making 0.025 

and 0.035 pct sulphur steel is given. 


ast 15 years John Summers & Sor ilphur in the finished steel and V value, Fig. 1 
been confronted increasingly by the For a long time this was used as standard with about 
producing a low sulphur steel from hi sul a 60 to 70 pet success on producer-gas fired fur- 
ials. The principles adopted, the proc- é f all uprising scrap was used and no bought 
. ised, the data collected on a furnace special] ay user An inspection of this curve shows 
et aside to study this problem, and s] lation on learly that it is not a quantitative manufacturing 
future developments are dealt with in this pape! process, and that it was not sure enough to go to the 
This study is limited to two melting sho Ll ouble and expense of doing stage analysis for P.O,, 
make sheet steel , of the foll 
C, 0.06 pct; Mn, §- S. 0.04, 0.035, 0.03, and 0.025 
and P, 0.02 an 
have reference 
and are not nece arily applicable, wit u ll 


tion, t ther s The 


Development of Process 
scnenck 


} ntit 
lal Lé 


Fig. 1—Relationship between percentage of sulphur in steel and 
value for producer-gas fired furnaces. ‘Coal | pct S$ 


f r pl ' 
Ite piott 


based upon the rel: mship between the percenta 


F. L. ROBERTSON, deceased. C. H. BACON and J. W. TILL are 
with John Summers G Sons Ltd., Hawarden Bridge Steelworks 
Shotton, Chester, England 

Discussion on this paper, TP 3106C, may be sent, 2 copies, to 
AIME by Jon. 1, 1952. Manuscript, Feb. 26, 1951. St. Louis Meet 


ing, February 1951 Fig. 2—Carbon/temperature curve 
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CaO, and SiO... At this time there 
in making as much 0.025 pct S steel 
other matters pressed 

In 1946, four oil (S 2.5 pet) fired furnaces were 
introduced and it was found that conditions that had 
given 60 to 70 pct of 0.025 pct S charges on pro- 
ducer gas firing on oil firing. Generally 
throughout the ascribed to the st 
phur in the oil but, even yet, this is not proven for 
work is 


was no problem 


as required, and 


gave 


works, this wa 


none 
sul 
il 
certain until more done in- 
that the slag we 
works position 

whole 


quantitative 
ights are equal in both cases 
that 


between the 


was, however, so serious 

question of sulphur passage 

slag and steel was studied anew 

had ap- 
ith Schenck’s older work 

started with a view to evolving 


ified 


$y this time Grant and Chipman’s paper 
With this t 


WOrkK Was 


peared and w 


as a basis, 


a process for 


content 
With the combined assistance from many depart- 
ization in the 
work 
ll 


making steel of any spec sulphur 


from the materials available 


Work 


undel 


ments and Trade Union organ 


a scheme was set up to one furnace 
special supervision and controlled conditions 

Experimental F Trial The 
fully given priority in opera- 


tion 


irnace furnace was 
instrumented and wa 


The object was to t 


reduce the variables to a 


relation between 


could be 


tudy 


furnace 


This 


in a Way 


so that the 


minimum, 


practice and rate of output studied 


esented an opportunity to 


iat had not 


pi 
th been possible before d \ report ol 
their re 


by Robertson 


tk conditions and lation to output 


papel 


short description of 


le furnace 

is given in a and 

conditions of th 
they influence the in 

will be prese nted here 

Three 


controlled 


fitted and the oil flow 

them The 
o that, a 
reaches the et m: 
reduced. A 
incorporated to operate 


the maximum roof temperature is 


root pyrometers 


automatically from control 


system Is a 


of the 


rranged to operate 
three 
temperature, 


1el flow control 


oon as one 
pyrome Ss 


the oil 


iximum 
flow is maximum 


f) 


er 1 before 


reached 
The furnace is charged with 58 tons of ste« 
ind about 31 tons « 
When possible, the 
all uprising scrap 
to en bl 


cold machine-cast 
scrap us i for these 
consis slab crops 
clippings e an 

be made 

: needed 


melted, 


The actual weight f pig iror 
carbon of 0.3 to 0.5 pct, wh clea 
’ 


culated by 


xygen equivalent pe! " iron is the we 


means equivalent 
xygen required to oxidiz ie C, P, Mn, an 
iron to CO, P.O.,, MnO, and SiO 

for the total oxygen equivalent is found by 
lence on the and this divided 
oxygen equivalent per ton, g s the weight 


one ton rf 
furnace 


iron required 


A standard ch 


1g sequence was introduced and 
controlled. Fig. 2 
adopted. Feed- 


was not permitted until the steel 


processing duri refining was 
hows the carbon temperature curve 
ng of lime and ore 
temperature, obtained by an immersion pyrometer 
reached the figure on the curve corresponding to the 
The time at which this 


nstead of the 


carbon in the steel occu! 


s referred to a “junction,” more 


commonly used “melt out.” Junction is defined in 


the measurable terms of carbon and 
and therefore have 
control work than melt out, whict 


definition 


temperature 
considered to more value in 
not capable of 


precise 
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Table |. Analysis of Raw Materials, Percent 


Material 





Fig. 3 is of one of the master charts. The 
individual furnace copied on to this 
chart, and the following data is shown: charging 
equence, roof temperature, oil flow, steam flow, air 
pressure, CO, and O, in waste gas, 
sulphur and 


a Copy 


charts are 


flow, furnace 


teel temperature rise, and carbon, 
manganese drop 
materials in the form of pig iron, 
analyzed. Full analyses are 
also carried out on the metal and slag at junction 
and tapping. The calculation sheet, Fig. 4, is our 
approach to the study of the behavior of the carbon, 
sulphur, and oxidation during 
the course of the charge and their distribution be- 
tween the metal, slag, and furnace atmosphere. The 
top line in each case represents the percentage of the 
element present. The second line shows the weight 
of the element (all weights shown are in tons, ex- 
cept sulphur, which is in pounds. References to tons 
n this paper have been converted to short tons) 
The third line gives the weight of oxygen that will 
combine with the element, and the fourth line gives 
the weight of the oxide formed. The balances for 
the oxidation, sulphur, and silicon are shown on the 
ight 

In the sulphur the weight of 
sulphur introduced through the pig iron and scrap is 
“Metals,” and from the lime and spar 
“Nonmetals.” The difference between the 
weight of sulphur in the system at junction and the 
weight of sulphur in the charge gives the weight of 
ulphur from, or lost to, the furnace at- 
Ana'tysis of the tapping samples enables 
a second balance to be made showing the pick up o1 
loss between junction and tapping, after making al- 
lowance for any sulphur introduced with the feeds 

This information is set out in a rather different 
form in Fig. 5. This flowsheet proved to be the most 
helpful approach to the study of the behavior of 
The important points that emerged from 
the careful study of a large number of sulphur flow- 
hneets were 


The ingoing 


lime, spar and ore are 


ilicon, phosphorus, 


case of the balance, 


hown under 
inde! 


absorbed 


mosphere 


ulphu! 


That the value at junction varied greatly 


5] 
(5S) 

— value at tapping varied consider- 
S] 


ut that the 


‘hat the 
bulk of the results were in excess 
: : (S) 
of 6 ig. 6 shows the range of - at tapping for 
[S] 


250 charges 


3—That the pickup of sulphur from the furnace 
itmosphere within wide limits, but that the 
could be taken as 30 lb between 
junction and nil 


varied 
figures 
and 


average 


start charge between junction 


ind tapping 


Figs. 7 and 8 are histograms showing the 
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\™M 


Fig. 4—Calculation Chart, Cast L204 


Materials Charged and Fed 


Scrap 


Mn Fe 


Centinued 


Lime 


cad CO we 








e Operation 
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Calculation Chart 
Oxidation 
( umulative 


om From Pet Per o 


Flame Flame Ur Abs 


Centinued 


From Junction 


From From Pet Per 
Ore Flame Flame r 
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Materials Charged 

and Fed—Continued 
Spar 

calO 


Cat wt 


Swedish Ore 


sO 


Calculation Chart 


immer 
sien 

Tempera 

tare, °F 


Slag 


Fe we si0 FeO FeO, AlO, MnO CaO MgO P.O 








Sulphur Balance 


Lb 
s Cum 


Gain Gain 


Per Hr 


Gain 
from 
Junc 


Calculation Chart 


Silica Balance 


Neon 
Met 
Add 


Non Gain 
Per 
Hr 


Gain 
from 
June 


Tons 
“0 


Gain 
Per 
Hr 


Gain 
Per 
Hr 


Gain 
Cum 
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at tapping, 250 charges 


Sulphur gain. Start charge to junction. 250 charges 


+ 


wen id 


Fig. 8—Sulphur gain. Junction to tap. 250 charges 


teel and slag 

fur Fig. 10 shows 
arges plotted on the same 
sults show a 


a tendency 


above the 


(S) 
[S] 
be the slag 
for given sulphur 
ilphi 
will 


percentage 


conducive 


composition that will 


+ 


he metal 


calcula- 
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+ 


ion of the feed lime 1 
however, it 


equired for individual charges, 


has not been regarded as feasible to 


(S) 


[s 


rement 


predict the for each charge by any basicity 


} 
; 
Therefore our process has been based 


measu 


upon an expected of 6.0 at tapping. Frequently 


[S] 
obtained that are 
of 6, but the process must necessarily be based upon 
the mean, for safety 
Ba Proce At this juncture it 
apparent that the basis for a process must consist In 
the slag weight, that, at tapping, the 
percentage of sulphur in the slag is 6 times the per- 
f sulphur desired in the metal, and that a 
be found to express this quantitatively 
lime additions. A calculation to deter 
ssary for specified sulphur 
total 


are considerably in excess 
rather 


for 


a figure below 
a became 


increasing sO 


centage oO 
must 
of 
lag weight nece 


steel 


means 


in terms - 


mine the 


percentage in the in terms of weight of 


ulphur in the system and follows 


[S 





Weight of steel, lb 
Weight of slag, lb 
f <] 


Percentage of slag w 


} 


W 
P eight of steel wei 
Percentage of sulphur in steel 

of sulphur in slag 
lb, of 


Percentage 


Total weight ulphur in steel an 
Weight of sulphur in 
Weight of 


Pct Sulphur in Slag 


steel, lb 
sulphur in slag, Ib 
Pet Sulphur in Steel 


(TS—L) 


x 


8.000 It 


168.000 1680 


TS x 100 


SOx IS] x j 


S} 0.025. 0.030 


0 025 Pe 


For 
Sulphur Steel 


TS x 100 


1680 x 0.025 x 6 





1 





Fig. 9—Sulphur distribution in the basic open hearth. After Chip 
man and Gront 


10—Sulphur distribution in the basic open hearth. 50 charges 
After Chipman and Grant 


Fig 


Figs. lla d charts 
calculation, showing the slag weights necessary 
0.025, 0.030, 0.035, and 0.040 pct sulphur steel 

(S) 


this 
for 
for 


b, c, and are based upon 


values and pounds of sulphur in steel 


{S] 

(S) 

[S] 
10 showing the slag weights 
percentage in the 
steel and pounds of sulphur in steel and At 
this stage it only remained to work out simple means 
the ht of sulphur in steel and slag at 
junction, and the slag weight increase required be- 
tween junction and tapping, in order to make the 
process straightforward to be adopted as 
standard shop practice. Fig. 13 shows the lime addi- 
for the des l 


It can be seen that in orde1 


for 


b, c, and d are charts 


f 


Ol and 


differing 


values 
sulphur 


necessary for 


slag 
to 


asses 


weig 


enough 


tions necessary ired slag weight increase 
Slag Weight 


such a 


to work 
essential to be able to estimate 
weight with accuracy. In 
k he experimental furnace, the slag 
hts were based upon the percentage of phos- 


process, it 1s 


the slag reasonable oul 


rly wo! on t 
welg 
phorus in the pig iron and the P.O, percentage in the 
Calculations based 


also used 


slag upon manganese and lime 


were 





T 


1680 x 0.030 x 6 


TS 


§ 02 


‘"S x 100 


For 0.030 Pct 
Sulphur Steel 


For 0.035 Pct 
Sulphur Steel 


TS x 100 


1680 x 0.035 x 6 


ba TS 
16.7 59 16.7 [Eq 3] 
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Fig. 1!—Slag weight required vs. pounds of sulphur in steel and slag. Steel weight is 168,000 is 2.0 to 12.0 


fey 4.0 R OR 


a 
Bb 


Al CT 


cr 
ee 


Slag weight vs. pounds of sulphur in steel and slag. Steel weight is 168,000 Ib. Final [S| pct is 0.025, 0.030, 0.035, and 0.040 
maximum difference is 0.006 pct S, the average ab- 

lute difference is less than 0.002 pct S 

Provided that the slag weight can be estimated to 


ibout + 2 tons, the process can be worked satis- 

f 7 slag weight obtained by lime gives 
within these limits and has been adopted as 
for shop practice 


imple shop rule has been adopted of doubling 
‘ight of lime charged to obtain the slag weight 
ion. Fluxing from the banks in this period 
and can be ignored. After junction, the 

is severe and is depende nt upon the 

he refining time Allowance can be 
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Fig. 13 
Furnace capacity is 168,000 Ib Allowance is made for the lime 
fluxed from the bottom, which is related to the time from junction 
to tapping. The carbon at junction is used as a measure of the latter 


Lime feed vs. required increase in slag weight 


made for this in calculating the lime addition as 
shown in Fig. 13 by means of introducing the factor 
1f carbon percentage at junction 
tules for Making Steel of a Specified S Content 
following represent the rules for 
reduced to the simplest possible terms 
1—Calculate the weight of pig iron in the charge 
to give a carbon of 0.3 to 0.5 at junction. This cal- 
culation is based on the oxygen equivalent per ton 


shop prac- 


of pig iron as explained for experimental furnace 
2—Calculate the amount of lime to be charged to 
a V value of approximately 4 at junction 
Weigh the lime charged to within + % ton 
4—Analyze the metal and slag for sulphur at junc- 
tion and calculate the total weight of sulphur in 
pounds, assuming the slag weight to be twice that 
of the lime charged 
5—Calculate the required lime addition from the 
calculation wheel to give the desired sul- 


(S) 2 es 
content at tapping with of 6. The maxi- 


[S] 
num amount of lime that can be fed economically 
If the weight calculated for 
the desired sulphur percentage in the steel exceeds 
this figure, it is advisable to schedule the steel for 
a higher sulphur percentage and re-calculate the 


is found by experience 


lime required on the new figure 
6—When the carbon is down, the lime in solution, 
and the temperature 2895° to 2930°F, check the 


Fig. 14—Furnace calculation wheel for lime to feed for 0.035 pct 
S steel 
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steel for sulphur percentage and tap the furnace. 

Calculation Wheel: Fig. 14 shows the calculation 
wheel for 0.035 pct sulphur steel, and one of these 
is fitted on to each furnace. From the steel and slag 
analysis at junction, the weight of sulphur in pounds 
in each is obtained. From the sum of these, the 
amount of feed lime required to give 0.035 pct sul- 
phur in the finished steel is read off. This is given 
in terms of number of barges, each barge being 
equivalent to 12 cwt (1350 lb) of lime 

Fig. 15 shows a refinement, by which the weights 
of lime feed required for 0.025, 0.030, and 0.035 pct 
sulphur steel can be obtained directly from the per- 
centage of sulphur in steel and slag at junction. It 
must be stressed that the calculation wheel is only 
applicable for a standard weight of charged lime 
A constant weight of 4.7 tons of lime is now used 
for charges made with the normal supply of pig iron 

Process in Operation: It is now 27 months since 
the process was put into operation on all furnaces in 
the two shops, and over a million tons of steel have 
been made during this time. The process is wel- 
comed by the melting shop. All sulphur grades can 
be made without concern, with scrap, as it comes, 
either on the oil-fired or gas-fired furnaces. Output 
has gone up and not down, since its introduction 

It has been said that the process is not accurate 
enough. It is, therefore, worth looking into the ac- 
curacy, to which the shop has to work 

The melting shop manager, ordered to make 0.025 
pet sulphur steel, is not held to account if his steel 
ranges from 0.022 to 0.027 pct 

Fig. l6a, b, c, and d show the effect of errors ir 

(S) 


slag weight at tapping or upon the final sulphur 


in the steel for a given sulphur burden on a furnace 
of 168,000 lb steel capacity 
If the case is considered of 100 lb total sulphur 


burden on Fig. 16b with 6 the relative slag 


[S] 
weights for 0.022 and 0.027 pct sulphur steel are 
46,000 and 34,000 Ib 
12,000 lb in the tapping slag weight 
Alternatively, if a slag weight of 42,000 Ib is 


This represents a tolerance of 


SULPHUR IN SS 


> 


* suLPHUR 


< 37 
* — eX, 
Per CE 
3 w 
Mt, 


Calculation wheel for lime to feed for 0.025, 0.030, and 
0.035 pct S steel 


Fig. 15 


NOVEMBER 1951, JOURNAL OF METALS—1039 








LBS SULPHUR BURDEN 


LBS SULPHUR BURDEN 


x 


and slag weight on final pct [S}. Steel weight is 168,000 Ib 


d 0.027 p Things will of course tighten up, when the cost 
discovers that a 0.020 pct sulphur steel costs 


pet steel. The official 


more to make than a 0.025 
complaint will then be that the steel is too good for 
the job and not that it is not good enough 

Cost of Making Low Sulphur Steel 


slag weights required for making 
168,000 


relative 
phur steel in a furnace tapping 


at 6 are shown by reference to Fig. 11b 
[S] 
ven in Table V 
Reckoning from yearly consumption < 
| te, the slag weight works out at 20 pct of ou! 
got production for all grades and over two shops 
s manufactured from 0.025 to 0.040 pct sul- 


f lime and 


according to the order book. The difference in 
e. fuel, reduction in steel, output and 

airs) in cash, is not known between our 

lag and the common practice abroad of 8 pct 


als alone, the cost of the additional 


Fig. 17—Summary of results from two months sulphur control, No. 2 
shop. Tapping 168,000 Ib. Total of 498 casts. The number of casts 
is averaged under each point 
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Table Ill. Effect of Errors of 


Junction 


Slag 8s 
Weight at in 
Junction Steel 

S|, Pet 


18,800 ; 5 0.04 
18,800 24 5 0.04 
18,800 0.2 0.04 


18.800 16 ; 0.04 
8.800 + 4500 0 t 0.04 
18,800 450 ).36 51 0.04 


4500 Ib in Slag Weight at Junction 


Tapping 


Slag Wt : Sin 
in . Steel 
Lb : 8), Pet 


46,000 y 0.025 
90,500 3 0.026 
41,500 0.024 


35,000 : 0.035 
39,500 3 0.037 
117 30,500 i 0.034 





lime and iron oxide (which is derived from the 
metallic iron of the charge) amounts to 8/6 or $1.30 
per ton of steel 

The shop man using high 
and high sulphur fuel has to consider whether the 
yet unknown melting cost of at least 12 pct or 19,500 
lb of slag per cast, added to 8/6 ($1.30) per ton for 
material cost, would not justify the spending of a 
good deal of money to reduce the weight of sulphur 


sulphur raw materials 


in steel and slag at tapping 


Sources of Sulphur in Steel and Slag 
In our cold metal practice, the sources of sulphur 
weight in the 
Table VI 


The ways to reduce the weight of sulphur brought 


furnace at tapping are as shown in 


in by the pig iron, scrap, lime, spar and dolomite 





Table V. Relative Slag Weights for Making 0.025 Pct Sulphur Steel 


Pet Slag Wt 
of Metal 
we 


wt Sin 
Steel + Slag 
at Tapping, Lb 





are so wel! known technologically that it remains 
merely a comparison of costs to choose, whether 
this incoming total sulphur weight is made small, 
or whether it is left large and desulphurized in the 
Siemens furnace at the expense of high slag weights 

We are fully aware of the technological ignorance 
on the one hand, and the possible money saving on 
the other hand, of reducing the weight of sulphur 
picked up from, or discharged to, the 
mosphere. We can but publish here such data as 
collected, in the hope that it may serve 
others. Up to the present, we have been quite un- 
able to tie it together into any furnace practice rules 


furnace at- 


we have 


Sulphur Pickup from Furnace Atmosphere 


The histograms in Figs. 7 and 8, to which reference 
has already been made, show the spread of sulphu! 


pickup from, or loss to, the furnace atmosphere, that 





Table Vi. Sources of Sulphur Weight in Furnace at Tapping 


Average 
Weight 
per Sulphur 
Cast Sulphur per Cast 
- I 


had been obtained from charges made in the early 
stages of adoption of our process. Table VII shows 
the results for all our controlled charges to date 

It will be noted that the pickup, particularly from 
junction to tapping, has increased markedly from 
series V. Though other changes have taken place 
during the period under review, it is very signif- 
icant that between series IV and V a change was 
made in our supply of oil. The sulphur content 
which was 2.4 to 2.5 pct before rose to 2.6 to 2.8 pct 
after the change. Table VIII shows the partition of 
between slag and metal at junction and 
It will be noted that there has been a dis- 


sulphur 
tapping 
tinct tendency for the at tapping to rise in the 


same way as the pickup of sulphur has risen. Fig 





Table Vil. Pounds S Picked Up from or Lost to Furnace 


Atmosphere from Liquid System Steel and Slag 


Start Charge 
to Tapping 


Junction 
to Tapping 


Start Charge 
to Junction 


No. of Aver- 


Series Charges Range age Range Range 





8 shows the relation between sulphur pickup be- 


(S 


[s 
a number of individual charges. It can be seen that 
there is a trend for the high figures for sulphur 


ween junction and tapping and at tapping for 


pickup to be associated with high at tapping 


[S] 
argued that, if the sulphur 
passes from the furnace atmosphere to the slag, the 
sulphur in the reach 
equilibrium with sulphur in the metal, whereas, if 
the sulphur passes from the metal to the slag, then 
If there is any truth in this 


an perhaps be 


slag does not necessarily 


equilibrium is reached 





Table Vill. Partition of Sulphur between Slag and Metal 


Junction Tapping 
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plotted against factors likely to influence combustion 
conditions such as oil flow, steam flow, metered air, 


percent oxygen in the waste gas, etc., but so far no 
significant trends have been found. The amount of 
sulphur pickup from start charge to junction, does 
however, appear to be influenced by the weight of 
) 


ime charged. Figures from one series of charges 
in which a comparison was made between high and 
low phosphorus iron, with corresponding high and 
low weights of lime charged are given in Table IX 
The reduced pickup is probably due to rather earlie! 
slag formation and to the reduced amount of lime 
exposed directly to the flame 


Fuel Burning to Control Gas Composition 
We have read much and done much work on the 
furnace control necessary to burn fuel so that the 
gases sweeping the slag or particular geographic 
Fig. 18—Relation between sulphur pickup, junction to tap and areas of the slag have a particular composition. It 
S seems to us that, much as we want scientists to dis- 
at tapping cover the chemistry of the passage of sulphur be- 
tween specific mixtures of gases on the one hand, 
and solid pig, and scrap, solid lime, liquid slags, and 
steel on the other hand, such knowledge will 
be of little use, until furnace men can reproduce in 
the furnace what the scientist may find he wants 
Our part of » work may take as long and seem 
re impossible than theirs, but we think that fur- 
nace combustion control must precede any real ef- 
scientist may make. The stimulus to the 
i will become very real when he knows that 
Table IX. Influence of Weight of Lime Charged on Sulphur Pickup Y the tools waiting to apply his discoveries 


t I 


liquid 


7 
na 





rt has been made on automatic continuou 
Average Sulpher Pickep waste gas analyses and on the control of oil-air ratio 
on the results 
wr This problem was divided into two parts ] 

Ne Lime : ; 
of Charged ampling, and Z—the invention of recording auto- 
waanges -_ analyzer. Sampling is considered to be a 
e fitter’s problem and therefore we undertook 
rselves. The instruments were handed over to 
ument makers and they were given, at the fur- 





LAYOUT 


Tee 
COOLED 
je ONDENSEA 


> Swaree mutt 


NDEN SATE 


Fig. 19—Layout for continuous waste gas sampling 
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tig. 20—Slag weights required for varying pounds of sulphur in 
furnaces of different sizes 


nace a cool clean place and a pipe through w hich 
t t 


that was to be analyzed passed at a rapid 


the gas tnat 
rate to waste 

The sampling arrang been successful 

‘O., CO, and, O., for which one sampling tube 

This is shown in Fig. 19 with the testing 

both for the gas tightness of the sampling 

ibe and the testing of the correctness of the gas 

These analyses are used on the experi- 

mental furnace to control the air screw by human 

hoped that this will be incorporated 


ink, but it 
in the fully automatic furnaces now being built 
A steam-lagged sampling tube for water in gas 
analysis was built successfully, but the instrument 
failed in measuring automati- 
cally the water condensed in unit time. A satis- 
factory sampling method for SO, has not been de- 
vised and in addition, we are rather doubtful of any 
analysis for SO., to operate on 
yet come to oul 


makers have, so far, 


recording automatic 
in open hearth furnace that has 
notice. The difficulty in sampling is that iron oxide 
is such a good catalyst for SO,-O, reaction and that 
such an excellent absorber of SO,. We feel 
to return to it 


waste gas 


water Is 
that some day we will have 
We are very much aware that the 
d in the 


th downtake at stage level are not 


representative of the gases sweeping in the hearth 


at the middle door and much less at the first door 
These are the places that count, and we are at a 
complete loss for the moment as to how to tackle the 
I al side of any solution that chemists may put 
forward. We must remember that it is not tue 
chemists’ job to give a practical solution. His job is 
to ll us the chemistry and it is ours to find the 
practical solution 
Conclusion 

The process, which has been described, has pro- 
ided us with a simple calculation that enables us 
to make steel to the sulphur specification required, 
from available raw materials. The process has been 
worked out specifically to meet our particular con- 
ditions. We would, however like to suggest that it 

rms a logical approach to the study of sulphur in 
the open hearth furnace. There should be no reason 
why it could not be modified to suit other conditions 
in cases where sulphur governs the slag bulk 

The fundamental principle that we wish to stres 
s consideration of weights of slag, and steel, and of 
sulphur in each, in addition to the percentages of 
sulphur in slag and steel. The tacit assumption of so 
many workers, that the slag weight remains con- 
stant, is one that we cannot accept, and we should 
like to urge other investigators not to omit taking 
the weights into consideration. Fig. 20 gives the 
relation between pounds of sulphur in steel + slag 
and slag weight percentage required, assuming an 
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- 6 for different sized furnaces 

i>] 
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DISCUSSION, H. L. Tear presiding 


S. L. Case (Battelle Memorial Institute, Columbus 
What effect does the control of slag weight 
have on the production? If there is high sulphur in the 
charge at the start, there will be a high slag weight 
in order to meet the low sulphur specifications. What 
effect will this have on production? 

C. H. Bacon (authors’ reply)—That is rather a dif 
ficult question to answer satisfactorily. Production rate 
has gone up since we introduced the process, and it 
enables us to make the required lime additions early 
We carried out a trial to compare the use of American 
low sulphur and phosphorus pig iron with our normal 
supply and we were able to show a reduction in slag 
weight and an appreciable increase in production rate 
I think I can say we could work faster if we could keep 
the slag weight lower 

H. L. Tear (Jones & Laughlin Steel Corp., Pitts- 
burgh Our answer to that, Mr. Case, is much different 
then Mr. Bacon's. It has a great deal of influence on 
production rates. Fig. 21 shows the lime consumption 
with the different specifications of sulphur; 80 pct of the 
heats are in the 0.025 S range and the effect of lower 

ilphur on lime consumption can be seen Fig. 22 show 
that, with different preliminary sulphur ranges, taking 
0.04 as the base, as the first sulphur test goes up there 
is a loss in production rate, as indicated. With a pre 
liminary sulphur of 0.071 or over, the production rate 
loss is in the neighborhood of 8 pct, which is much 
different from that reported by Mr. Bacon 

Mr. Bacon—I should just explain, Mr. Tear, that we 
have never had an opportunity to work with such low 
slag weights as you carry over here 

Cc. R. Funk (American Locomotive Co 
Pa Will you give us something on the rate 

Mr. Bacon—We have a small furnace and our rate of 
work is approximately 7.3 tons per hr, or 55 lb per sq 
ft of hearth area 

Mr. Tear—How many pounds of fluorspar? 

Mr. Bacon—We use an average of 2 or 3 cwt of spar 
with the charge of 84 tons 


Ohio) 


Latrobe 
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21—Sulphur specification vs. lime consumption 
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Fig. 22—Preliminary sulphur vs. production loss 


Tear—You add roug 330 Ik f spar per t 


Mr. Bacon—N I larg about 3 lb per ton 
Mr. 


Tear—lr I is around 14 lb of spar per 
ngots wi lag rate of about 300 lb per ton 
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Mr. Bacon—We aim at 0.3 to 0.5 pct C at junction. If 
we melt out at 0.9 pct C, we want a temperature of 
1510°C; at 0.4 pet C, 1560°C 

Mr. Sergy—Does every heat have a junction? 

Mr. Bacon—Yes 

Mr. Sergy—Suppose at 38 or 40 pct C you do not have 
the proper temperature? 

Mr. Bacon—We do not call that junction from the 
point of view of taking samples 

Mr. Sergy—Do you add lime or any other flux on 
such a basis? 

Mr. Bacon—No, we wait until we pick up the tem 
perature and then we take the junction 

Mr. Sergy—And if you never get it? 

Mr. Bacon—We have to pick up the temperature to 
attain a minimum temperature at tapping 

Mr. Sergy—What I am trying to resolve is, do you 
make any calculations on the amount of lime you would 
add when you do not have a junction? 

Mr. Tear—I think Mr. Sergy means, if you get to the 
point where you have to refigure a heat do you apply 
this practice to that heat in the case of a soft melt 

Mr. Bacon—In the case of a very soft melt, we cannot 
ilways add enough lime to reach specification 

Mr. Sergy—When junction is not obtained due to too 
high a bath temperature, do you still make your calcu 
lations on that basis? 

Mr. Bacon—lIf the temperature is high at the junc 
tion we can feed rapidly 

Mr. Sergy—And if you are low, you do not? 

Mr. Bacon—If we melt very soft, we do have t 
anticipate the junction 

W. O. Philbrook (Carnegie Institute of Technology 
Pittsburgh Have you had time to apply the waste 
s analysis, and if so has any trend of variation of the 


ulphur pickup with the oxidizing potential of the 


atmosphere been noted? 

Mr. Bacon—We have tried to obtain a relation but 
have failed so far. We have been using an absorption 
type of analyzer, which is not altogether satisfactory 
as it involves a delay of about 4 min. We have now in 
stalled a paramagnetic type of meter with a quick 
response. We shall check this on future charges 

T. S. Washburn (Inland Steel Co., Chicago, Ill.)—It 
would be interesting to know whether these relations 
vary with the carbon content of the bath: for example, 
0.60 pct C as compared with 0.10 pct C 

Mr. Bacon—The data are all from low carbon steel 

Mr. Washburn—Consequently, the relations would 
not be the same for medium or high carbon 

R. L. Long (Carnegie I) ute of Technology, Pitts- 
burg! d also trom an nglish teel firn The 

& Steel Co ( Rotherham Eng- 

wo questions I wish to ask. First of 

sulphur determination equally rapid, and 

its accuracy? Second, you have mentioned a 

temperature carbon line for your junction. Is that 

based on a given superheat, say according to the car- 

bon, or is it based on your own experience as to the 

uitable stage at which to commence feeding the 
charge? 

Mr. Bacon—As regards the accuracy of the rapid sul 
phur determination in slag at junction, we consider it 
to be of the order of 5 or possibly 10 pct. On a slag of 
0.22 pet S, the rapid method should give a figure be 
tween 0.21 and 0.23 

Mr. Tear—How did you arrive at the origin of the 
carbon temperature line 

Mr. Bacon—That was arrived at by experience on 
the furnace 

Mr. Funk—What is the depth of the bath? What do 

yu do when you have a furnace that does not work 
very well? Is there a difference between a sharp work 
ng furnace and a sluggish working furnace? 

Mr. Bacon—The depth of the bath is about 2 ft 6 in 
30 ton furnace. A sluggish furnace tends t 
nore sulphur than a sharp working one, but 

ater part of this occurs before junction, so the 
at junction should take care of that 
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Discussion — Extractive Metallurgy Division’ 


St. Louis Meeting, February 1951 


Sintering Practice at Josephtown Smelter (paper by 
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Are Melting of Titanium Metal (paper by S. F. Radtke 
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Thermodynamics of Iron-Silicate Slags 
and P. J. Ensio. JoURNAL OF METALS, May 1951, 
Metallurgical Reactions of Fluorides (paper by H. H 
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DISCUSSION, T. H. Weldon presiding 

R. E. Powers ( Mell nstitute of Industrial Research 
l versity of Pittsburs¢ Pittsburgh)—Several of the 
yrocessing methods at the Josephtown smelter might 
well be considered by plants producing iron blast fur- 
nace sinter. In making blast furnace sinter the ob- 
much the same as at Josephtown: To 
produce a strong yet porous agglomerate which has 
a size consist in a preferred range. The emphasis how- 
ever is on production rate rather than on the size 
or other quality characteristics of the sinter. Therefore 
the technique is entirely different. Blast furnace sinter 
plants attempt to make their product in one pass with 
a minimum recirculating load and without sizing treat- 
ment after the sinter leaves the machines. Many plants 
are beginning to feel that more attention paid to 
quality characteristics would make the product a more 
lesirable blast furnace material 

The pelletizing of very fine material before placing 
it on the bed is not deliberately dene at iron sinter 
plants although the installed equipment sometimes 
gives a similar action. Such pelletizing seems to be a 
promising way of accommodating the down-draft sin- 
tering process to very fine materials 

The recirculating load at Josephtown is extremely 
high. Two plants’ producing blast furnace sinter from 
raw material of comparable size have a recirculating 
load of about 100 pct of production. At Josephtown it 

notable that the size and the rate of feeding of re 
turn fines are under control. This is not the case in 
most blast furnace sinter plants. The sinter slicer ap- 
pears to be a worthwhile aid in effecting such control 
It is similar in action to rakes and plows used at a num- 
ber of plants, but it has the advantage that the sinter 
dislodged is positively removed and not left to the in- 
efficient action of a stationary grizzly screen 

Blast furnace size specifications for sinter are not at 
present so rigid as the Josephtown specifications. If the 
sizing of blast furnace sinter does become important, 
then the Josephtown crushing practice, in which a 
large recirculating load is maintained on the crusher 
in order that minimum fines be produced, may be of 
interest 


jectives are 
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Fig. 2—Feed to Dwight and Lioyd sinter machine, Josephtown 
Smelter 


H. K. Najarian (authors’ reply)—We note that Mr 
Powers appreciates some points that we tried to em- 
phasize in our paper as being of importance in making 
zine sinter of good quality and which may well be ap 
plied to iron blast furnace sinter 

Fig. 2 shows the pelletized nature of the feed going 
on to a Dwight-Lloyd type sintering machine in our 
plant. Practically, the entire feed consists of more or 
less rounded particles which permit more uniform air 
passage through the charge, while the larger particles 
in the charge roll on to the surface of the grate, which 
helps to keep the grate openings from being clogged 
by excessive fines. An agglomerated charge of this 
character may preferably be made by rolling action 
while being mixed in a rotating drum and wetted by 
water sprays to bind the fine particles together and 
give the charge the desired moisture content. From our 
observations of several iron ore and blast furnace flue 
dust sintering operations, we believe that if the fines 
from the sinter discharged from the machines were to 
be recirculated and agglomerated with the new feed 
not only sinter of better quality but larger capacity 
from the machines may be realized 
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Arc Melting of Titanium Metal 


S. F. Radtke, R. M. Scriver, and J. A. Snyder (au 
reply We appreciate the discussion by Dr 

His point is well taken that the 

if titanium does not, in itself, restrict the 

of iodide material and, therefore 
niting in this case. It is true, however, that the 
diff 
o their hexagonal structure but more 
orientation and composition. It is als 
presence of small amounts of foreigr 


nexagoné 


metals may have more pro- 


erent grades of titanium is not neces- 


l 


luence on ductility n a corresponding 


ibic metals 

s from a large number of tests might 
better ductility for forged titaniun 
in Table I. The fe 


tested 


rged bars used in 
innealed condition; little 


of forging practice on 





Thermodynamics of Iron-Silicate Slags: Slags Saturated with Gamma Iron 


Chipman 
C we 


Lecroly 


asurements by N. A. Gokcen at 1600° lead to about 
the same value. He finds the oxygen content of liquid 
iron in equilibrium with silica and ferrous silicate slags 
» be 0.088 pct. Under pure iron oxide slags at the same 
rature, it is 0.225 pct. The ratio places the activity 


re 
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Metallurgical Reactions of Fluorides 


ilt, the reduction of UF, to UF should pr« 
ontaneously even at ordinary temperature. Or 
hand, the standard free energy of formation 
at 298°K is AG’. 209 kcal per mol of 

The reduction of UF, by hydrogen will be prac 
ically difficult and, as it is known, the only practical 
way of reducing this compound is to use alkaline-earth 
I should like to 
point out, further, that the fluorination of many metal 
$ be carried out very easily by using the 


um difluoride 


netals such as calcium or magnesiun 


method of preparation, which 
renders the use of fluoride gas unnecessary. The first 
compound formed is generally a double fluoride of the 
netal and ammonium. This compound can be decom- 
d by heating either in a vacuum or in an inert 
sphere, ammonium fluoride being volatilized leav 
ng the metal fluoride in a very pure state 


H. H. Kellogg (author's reply) 
right in pointing out that the formation of lower 
may complicate the reduction of 

inable to find his reference to the 

energy of formation of UF, in the compilation of 


Professor Decroly is 


wel however. The value of AG 209 kcal 
rmation of % UF, seems rather high, and I hope 
source of this value may be made clear 
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Thermodynamic Study of the Reaction CaS + H,O=CaO + H,S and the Desulphurization of 
Liquid Metals with Lime 


DISCUSSION, W. O. Philbrook presiding 


J. Chipman (Massachusetts Institute of Technology 
Cambridge, Mass The fact that the experimental 
work has been applied to copper rather than iron and 
that the paper is presented to the Iron and Steel 
Division, I regard as rather significant. It shows the 
unity of metallurgy and the fallacy of trying to cut it 
up by metals. This result for the solubility of sulphur 
in molten copper correlates with Professor Schuhmannt’s 
finding that the published data on the other side of 
the copper-sulphur miscibility gap are also in error 
I should like to ask the author to say a little bit more 
about the sulphur capacity of the slag 

T. Rosenqvist (author's reply)—I hope that Dr. Chip 
man will find the derivation of the expression for 
sulphur capacity more clearly explained in the printed 
version of the paper than in the oral discussion at the 
meeting. I feel that this quantity, which actually is 
the ratio of two activities, can be measured more 
easily than the individual activities. Even if the ratio 
CaO/CaS is chosen as the standard state, the expression 
can be used for any slag, even for slags completely 
free of lime, and it represents a way to put the desul- 
phurizing power of all slag constituents into one bag 

Some doubt has been expressed as to whether oxy- 
gen ions really exist in calcium oxide and in molten 
slags. From a thermodynamic view point that ques- 
tion is of minor importance. The term oxygen ion 
activity, or any activity for that matter, is defined 
rigorously by the equation: activity exp u/RT, 
where u is the change in free energy connected with 
the transfer of one mol of ions from the standard state 
into the slag. Whatever happens to the ion in the slag 
is of no concern to the thermodynamicist. Regardless 
of whether the ion is “free” in the slag or not, or 
whether it is present in a very small amount, its 
activity can always be expressed, and for a thermo- 
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dynamic calculation that is all we need. However, ionic 
activities will only be of some real value if they are 
simple functions of the slag composition, or can be 
measured easily 

Concerning the real nature of the oxygen in the slag, 
my feeling is that the oxygen atom has a rather multi- 
plex nature depending on how strongly it is tied by 
covalent forces or polarized by the other atoms or ions 
present. The oxides of iron, cobalt, and nickel differ 
from calcium oxide and blast furnace slags as to the 
amount of free electrons that can give rise to electronic 
conductivity. In slags we know that the conductivity 
is mostly ionic. The fact that reversible emf’s can be 
obtained with oxygen electrodes in certain salt melts, 
indicates a significant amount of oxygen ions in these 
melts. But extended work, e.g. polaragraphic studies 
and measurements of transference number, are needed 
to obtain quantitative information about the real struc- 
ture of the slags 

D. E. Babcock (Republic Steel Corp., Youngstown, 
Ohio)—With reference to the ion, it might be well to 
remember Dr. Moses Gomberg. All of his life he had 
no use for the ionization theory and he contributed 
greatly to the field of chemistry on the assumption 
there was no such thing as ions. I do not think we have 
to worry about whether the oxygen is ionic or not. I 
think one thing specifically should be brought to your 
attention and this I think is one of the important 
contributions of Dr. Rosenqvist. He pointed out what 
we know as oxygen potentials or what is described as 
oxygen potentials. I have used this concept for a long 
period of time and I want to state that if this concept 
is properly applied, it vitiates much of what we have 
in the literature, or makes our usual ideas regarding 
oxidation seem primitive. That one thing is more 
valuable than almost all the rest of the discussion as a 
fundamental basis on which to build a reasonable in- 
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The reaction 


Dr. Babcock—T! ’ 
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ight be written 


why should the sulphur ratio fall off after 6 or 8 pct 
MgO? 

Member—The answer to the MgO is that by put- 
ting more into the basic slag you get into trouble with 
the basic slag itself 

Mr. Larsen—There is very likely a wider range of 
fluid slag compositions with more MgO. But the only 
point is in respect to the assumption involved here 
We do not really know what the liquid constitution of 
the slag is, and I think maybe the authors might be 
willing to admit these are rather wild approximations 

Dr. Grant—They may not be exact, but they are 
hardly wild 

Cc. L. T. Edwards (Dept. of Commerce, Washington, 
D.C. Temporarily w th the Industrial Evaluation Board) 

I like everything the speakers have had to say thus 
far and was particularly impressed with the slight 
reversion as indicated in the curve 

The heat of combination between magnesium and 
sulphur is 2481 cal per unit weight of sulphur; the heat 
of combination between calcium and sulphur is 2947 
cal, showing very definitely that calcium, theoretically, 
has a higher affinity for sulphur than magnesium does 
and I have found in practice, it has worked out that 
way in the blast furnace 

Now, in connection with manganese, iron and sul- 
phur, I would like to tell you how, in my very small 
way, a few simple experiments were made in order to 
obtain some visible evidence concerning reactions. You 
scientists might do this on a more thorough scale and 

yme up with something that.is really good. Many of 

undoubtedly, have heated a mixture of powdered 

iron and powdered sulphur. If any of you have not 

ione so, or seen it happen, touch the side of the cruci- 

ble with a Bunsen flame and as soon as the reaction 

remove the flame and you will find the heat 

will progress uniformly across the body of the mix- 

ture and, without benefit of a pyrometer, I would say 

the temperature of the reaction would be somewhere 
around 1700°F 

The heat of combination between manganese and 
sulphur is almost exactly double the heat of combina- 
tion of iron with sulphur. Make up a mixture of man- 

anese and sulphur in atomic proportion. Be very very 
careful, because the resulting reaction will be danger- 
jus. Move the flame to the side of the crucible and be 
ure to have a shield for protection, as the reaction is 

st violent and you are lucky if everything does not 

out of the crucible. What the temperature will be 

10t know, but would guess it be somewhere 
around 2700° or 2800°F 

Now, here is where the pay-off comes. Take iron 
sulphide, FeS, and mix i: with powdered manganese; 

ove the flame to the side of the crucible and you will 
find a reaction that takes place at somewhere around 
1700°F. The indications are, of course, that manganese 
is about twice as potent a desulphurizer as iron, and 
it might be a good idea to keep that in mind and think 
about it 

I believe it to be a worthy assumption, that, since 
nanganese sulphide has such a high melting point 
there is a strong tendency for it to coagulate in the 
molten metal and the problem at once becomes one of 
mechanics, i.e., how to bring these coagulations into 
contact with the slag under a nonoxidizing, or reduc- 

atmosphere. Do not make the error of writing off 
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Effect of Silica Reduction on the Desulphurizing Power of Blast-Furnace Type Slags 


DISCUSSION, D 


D. C. Hilty (Union Carbide & Carbon Research Lab- 
Niagara Fall ; How does this effect 

] 

l 


ling 


compare with the effect of silica in combir 
the lime in the slag to reduce the activity of CaO 


thereby affecting the first equation 
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John Chipman(authors’ reply )—That is the object of 
showing this effect for slags of two different basicities 
In the more basic, the silica is more firmly tied up in 
the slag and is less easily reduced. It is therefore less 
able to interfere with desulphurization. The important 
point is that silica is acting in two ways. Of course 
it is an acid and as an acid it ties up lime and in tying 
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tion that the carbon controls the end limit and does 
not prescribe the mechanism, because the assumption 
is based on final equilibria state and not the process 
in between? 

Dr. Chipman—Of course, and the equation repre 
sents, as I have said, the simplest possible way we can 
write the desulphurization reaction. If you wish to 
write it in kinetic steps (and we do not know what 
the steps are) the result would be most complex 

Cc. E. Sims (Battelle Memorial Institute, Columbus, 
Ohio)—We know we can get substantial desulphuriza- 
tion under oxidizing conditions in either the open 
hearth or electric furnace. Do you think the first 
action illustrates the under this condi- 
tion? 

Dr. Chipman—This illustrates the reaction when you 
have carbon present. If you wish to let the “C” repre- 
sent dissolved carbon, it still represents the reaction, 
although at a much lower carbon potential. The whole 
question of this reaction in intermediate slags of elec- 
tric furnace type which lie between basic open hearth 
and blast furnace, is going to be the subject of a paper 
(Rocca, Grant, and Chipman) and for this reason, I 
would rather omit the question for the present 

L. S. Darken (U. S. Steel Co., Kearny, N. J.) 
general picture that a deoxidation, involving the re- 
moval of a relatively small amount of oxygen, is the 
slow step in the overall desulphurizing reaction seems 
to fit well the data presented. This automatically 
raises the question as to how we to interpret the 
fact that oxygen is such a stumbling block for de- 
sulphurization, and I was wondering what Dr. Chip 
man would think of the possibility of blaming the 
slowness on the difficulty of gas nucleation? 

We might think that oxygen from the MnO or the 
SiO, would be removed by the carbon as carbon mon- 
oxide, but if there is no gas phase in immediate contact 
with metal and slag, then gas bubble nucleation would 
be required. Does the difficulty of such nucleation fit 
your general picture as responsible for the 

Dr. Chipman—I have no picture that is 
that. I think it is as good as any but I 
hoped at this stage of the study to be able to 
the step 
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and 
really 


another out 
effect is 


balance one 


oxygen pressure 


conflicting factors that 
find that the FeO or 
present over the whole range 

Dr. Chipman—I am fairly would. The ac 
tivity of sulphur in the slag and the activity of CaO in 
the slag, if we just knew those quantities, would enable 
us to save a lot of this computation and assumption and 
all the approximations we are doing now 

Mr. Larsen—Two other points perhaps should be in- 
cluded: 1—an independent effect of manganese in help- 
ing the desulphurization; and 2—the number of 
of constituents or number of mols of ions or whatever 
there is in the slag could vary with these compositions 
in such a way that you get dilution effects 

Dr. Chipman—You can figure all that in if you want 
to and it might improve the degree of approximation a 
little bit. Maybe enough to justify the labor of calcula- 
tion, maybe not, but we did not do it 

L. S. Darken (U. S. Steel Co Kearny N. J The 
authors have tackled a very complicated problem in 
trying to tie together in one picture the desulphurizing 
problem over the wide range of basicity and oxidation 
level from that of the open hearth to that of the blast 
furnace. At the present state of our knowledge of slags 
such an ambitious undertaking necessarily involves the 
adoption of numerous hypotheses 

Their formulation (eq 11) for the higher FeO range 


sure we 


mols 
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is similar to that presented by Darken and Larsen 
except that manganese is absent in the present case 
This is based on a molecular picture of slag composi- 
tion, which seems less valid now but is still used be- 
cause we have no adequate way of expressing the re- 
lation otherwise. The principal difference of the present 
treatment is the bald assumption that the distribution 
coefficient (Lr.s) for iron sulphide varies rather mark- 
edly and gives rise to the minimum of the curves of 
Figs. 6 and 7. The evidence as to the nature of this 
variation seems rather particularly as K’ is 
apparently assumed constant; K’ might reasonably be 
expected to vary as much as L, or even more, by 
virtue of the arbitrary nature of the calculated excess 
CaO. Thus the conclusions as to the effect or lack of 
effect of FeO (in the higher range) on the desulphuri- 
zation ratio seem rather questionable. This is empha- 
sized by the fact that the authors reach the conclusion 
that the sulphur combined with lime becomes neg- 
ligibly small if FeO exceeds 10 pct. The efficacy of 
lime as a desulphurizer in this range is well attested 
by both mill and laboratory experience; the attribution 
of this effect to secondary factors seems misleading 

Since the melts of this investigation were made in a 
magnesia lined furnace, the slags were presumably 
saturated or nearly saturated with magnesia. Hence the 
activity of MgO is substantially constant and the con- 
tribution of MgO to the desulphurizing power of the 
slag would be difficult if not impossible to detect 

Dr. Chipman—Dr 
quite correct but apply mainly to the oxidizing ranges 
of the slag. The treatment here does not differ too 
much from that of Darken and Larsen We did not 
have manganese to put into the equation so that simply 
makes it easier. We did not know how the FeS dis- 
tribution would vary with composition. We were a 
little afraid to assume it was constant as had been done 
before so we just arbitrarily said that we will suppose 
it is proportional to the FeO content of the slag. Cer- 
tainly, we have no evidence one way or the other that 
ll part of 


meager 


Darken’s remarks as usual are 


this has any merit. That turns out to be a sma 
the consideration in the reducing slags with 
which we have been here primarily concerned. The in- 
troduction of the high FeO slag was brought into the 
paper mainly to show the relationship between the 


low FeO slags about which the paper was chiefly 


more 


con- 
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cerned and the high FeO slags that had been studied 
previously. The contribution of the paper lies in the 
field of the low FeO slags and we claim nothing new 
with respect to the high FeO 

D. J. Girardi (Timken Roller Bearing Co., Canton, 
Ohio)—I am left with the impression that for reducing 
slags where FeO values are somewhere around 4 pct 
and under, the FeO value is much more important than 
the lime silica ratio; is that correct? 

Dr. Chipman—That is correct according to our find- 
ings; perhaps not as high as 4 pct, from 2 pct on down, 
the FeO content is much more important than the lime 

Dr. Girardi—It seems as though the lime silica ratio 
has an insignificant effect 

Dr. Chipman—Not insignificant, but a small effect 
compared to the FeO 

Mr. Larsen—You do not see that some of these de- 
viations vary much on a log scale that way. We noticed, 
for example, that there were large deviations in very 
basic high MnO slags when we tried to calculate on an 
excess basis concept. You tend to get ratios up to 13, 
14, 15 to 1 (slag sulphur to metal sulphur) yet you 
cannot very well explain it on a straight excess base 

Dr. Chipman—How do you explain it? 

Mr. Larsen—It fits if you consider the MnO and the 
free CaO as affecting the sulphur activity independently 
and additively. Of course, I will admit the old formula 
of ours was very rough 

Dr. Chipman—I think you have something there be 
cause MnO in the open hearth is a better desulphurizer 
than we have given it credit for. We have talked about 
MnO not being a good desulphurizer in the blast fur- 
nace slags because of oxidizing power where you do 
not want oxygen, but where you are already highly 
oxidized as in the open hearth slag-metal system, then 
the MnO no longer has an oxidizing power, it may be 
at equilibrium with Mn in the bath or substantially so 
Eqs 7 and 8 show the values for K for CaO and MgO 
I want to show you how MnO fits into this 

The value of K for CaO is about 400 times that for 
MgO. Comparing CaO with MnO the K is only twice 
as large. Thus MnO is a much better desulphurize1 
than MgO and nearly as good as CaO 

Mr. Larsen—Practical experience would indicate that 
the ratio of effect between CaO and MnO is only 2 or 
3 or even less 

Dr. Chipman—Yes, I think it would 





Desulphurizing Molten Iron with Calcium Carbide 


DISCUSSION, T. L. J 


eph presiding 
Kearny, N. J Could 


Oo 


B. M. Larsen (U.S. Steel Co 
f an estimate on the cost of calciun 


t 
t 

carbide for this treatment? Also, if you used calciun 
, 


we nave some sor 


carbide on carbon-saturated iron, would some effect 
hold back the reaction? 

P. M. Hulme (authors’ reply)—As far as I know we 
have not worked on carbon-saturated iron. About 342 
pet C is the highest we have worked on. As far as 
cost goes, it depends on how much sulphur you have to 
take out. It will run anywhere from $9.75 to $2.00 a ton 
overall cost including the cost of carbide per ton of 
metal treated. That is, using the efficiencies that we 
show in this paper. We are getting better efficiencies 
now 

T. L. Joseph (University of Minnesota, Minneapolis 
Minn.)—Did you say 2 lb of calcium compound? 

Mr. Hulme—That is based on 10 lb of calcium carbide 
per lb of sulphur removed 

D. E. Babcock (Republic Steel Corp., Youngstow? 
Ohio)—We have run this type of desulphurization 
process at the blast furnace. We have desulphurized 
between 100 and 200 at the blast furnace and taken the 
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iron right out of the furnace with an injector system 
The process gave us quite varied results; stratified 
iron, high sulphur on the top and low sulphur on the 
bottom, and we decided it was impractical 

Mr. Hulme—Just what was the type of injection 
equipment? 

Dr. Babcock—Nitrogen gas for one injection method 
und we used fairly large gun equipment. We followed 
the same general type of pattern you show only on a 
larger scale 

Mr. Hulme—It sounds very much like what we call 
the gale of wind method. We have very erratic re- 
sults with that 

Dr. Babcock—We have tried several types, and par- 
ticle sizes. The operation was not satisfactory 

Mr. Hulme—Of course, we have never tried it on that 
scale except on a continuous basis. That is the reason 
we abandoned the idea of working on 35 ton ladles on 
a batch principle and took it as it came out of the 
cupola and treated it on the fly on a continuous basis 

Dr. Babcock—When you compare the relative effec- 
tiveness of the process as carried out, it does not give 
a very favorable comparison of that process which is 
already developed. We did not feel it was worth the 
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' Mr. Hulme—I a 
Dr. Babcock—T! 
John Chipman 


ge 


a desulphurizer was considerably damaged by the 
presence of calcium oxide. This suggests the possibility 
that something is going in with calcium oxide, perhaps 
calcium carbonate or calcium hydroxide or some other 
impurity of an oxidizing nature. If that is so, perhaps 
it should be repeated, using dead burned lime along 
with the calcium carbide 

Mr. Hulme—It was burnt lime and probably had 
some hydroxide in it 

Dr. Chipman—It might be quite different with 
freshly burned lime then 

Mr. Hulme—You are right 





Kalling-Domnarfvet Process at Surahammar Works 
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the blast furnace. I wonder if he would like to 
elaborate on the possibility of effect of silicon 
in the Kalling process? 

J. Chipman (Massachusetts Ih Tecl 

Cambridge, Ma Silicon does not 1 re 
Kalling process. Anything thi 
action good lesulphuri 
vhere the temperature was low compared to blast 
nace temperatures, the silicon that is in the metal 
better reducing agent than the carbon. At high ten 


etter. It is not the silicon 


ica i } i 
Joseph—I might add that the metal that 
from the drum after desulphurization wa 
at quite a low temperature. It was not meas- 
it I think it was well under 1300°C, probably 
wa little above that. That was one of the diffi- 
and I think there is no question about the fact 
Kalling process—in that it affects desulphur- 
1 between powdered lime, solid and liquid iron 
action definitely between the solid lime and the 


julia } 


E. Spire (Canadia 
This Kalling process seer 
ll it is only a mixin 
between the iron and the sl 


lo the arme ing in another 


ifter 


the botton ladle a porou 
we injected an inert gas. It can | i argon 
This plug is placed at the botton f 1e conventional 
ladle and gas injected through the ug. That has ap- 

peared in our patent 

To define this new type of treatment, I us¢ 
gasometallurgy. I do not know if you like it 
it is a way of defining methods of treating metal 
using gases. What we do is exactly what is done in 


the exchange process in another way We have a 


the 


porous plug at the bottom with a high lime slag on 
top of the metal. Using this method, we have very 
good agitation of metal and slag, and with a small flow 
of gas, we can achieve a very strong agitation. For in- 
stance, in the 500 lb ladle, we ily 5 liters of gas 
2 minute. We have an agitation compared to very 
rapidly boiling water in a pail. Moreover, the agita- 
tion can be controlled to create any amount of mixing 
1¢€ sired 

In a few minutes, with this method, the sulphur 
iropped from 0.58 to 0.11. These results have been 


improved since, and we have obtained results like 0.08 
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to 0.015 in a matter of 10 min, but what is interesting 
is that we have been able to do that in steel, too 


have done exactly the same thing with 


In steel, we 
a high lime slag containing a certain amount of carbon 
We have obtained a reduction of 0.5 to 0.25 or, re- 
cently, from 0.5 to 0.020. This is interesting because it 
was done in only 3% min, and these results, I think, 
l could be very well 


are worth-while used 
desulphurization can 


take 


because it 
with where no 


place 


furnaces 


All of this work has been done with the help of the 
Canadian Government and the Bureau of Mines, 
Ottawa, (now, the Department of Mines and Technical 
Surveys). I just wanted to point out this new process 
as having good possibilities in the iron and steel in- 
dustry where the sulphur problem is such a big one 

Mr. Joseph—Wil!l you tell us about the gas that goes 
in and the slag that formed? 

Mr. Spire—The gas we 
nitrogen 


the 


are using is either argon or 
In the case of iron, nitrogen works well. In 
started by using nitrogen. This 
blowholes in the steel. Using 
sound ingots. The flow was 5 
nin and with that we had a strong agitation 

no difference if the ladle was full or half 
concerned, and we ex- 
cale developments, which will take place 
at the flow of gas will not be very much 


case of steel, we 
trouble with 


had perfectly 


as agitation was 


For iron, we have to use a fairly liquid slag and we 
have been trying lime and soda ash. We have been 
trying sodium carbonate and calcium carbonate and 
that was probably the best we have used. It worked 
very well. The weight was around 2 pct. For steel, 
we have been using various slags. We are planning to 
use some Perrin slags. The agitation we obtained is simi- 
lar to the Perrin process, only we have a longer time 
for reaction taking place. The Perrin slag is a very 
good slag in connection with that. We have also been 
using a simple lime mixture with a certain amount of 
carbon in order to reduce the FeO content to a mini- 
mum 

Mr. Larsen—Do you have to have the gas flow on all 
the time that the metal is in contact with the porous 
refractor? 

Mr. Spire—We prefer to have the gas going on all 
the time for various reasons. I may say that the re- 
fractory problem is not very simple. The way the 
porous plug is fixed to the bottom gave us trouble for 
several months, and I think we have straightened out 
this problem and the porous refractory can be used 
We have used the same one for 30 heats in the 500 Ib 
ladle. We do not have any difficulty, but now 
we expect to run larger heats to see what we will get 

C. H. Bacon (John Summers & Sons, Ltd., Shotton, 
Chester, England)—What type of refractory is 
used for the porous plug for the steel ladle? 

Mr. Spire—We have been using brucite-type mag 
oxide 


more 


being 


nesiun 





Solution Loss and Reducing Power of Blast 


DISCUSSION presiding 
S. T. Killian This is one of the 
t paper av ad. Tying in stoichiometric cal- 
\ and practice is a 
had The note- 
lifference between Dr. Joseph’s type of calcu- 
regul last calculations is that 
With the lb mol 
and chemical reactions can 

1 the same equation 

flux, and fuel are all ex- 
| Probably Dr. Joseph does 
vague word coke appears only 
paper. Lb of C and lb mols of C 
are follov | hrough reactions but the word coke 
appears only as 1560 lb coke per ton of pig and 1700 
usly in order to under- 
the coKe 


periormance 


hic d to be taken sooner or later 
furnace 
used as a basis 


volumes 


should be expressed 


urnaces can also be compared 


Ir I I ts the paper is too thorough and too 


complete if the metalloids reduced into 
ipon th gases represents a difference of 
3 pet CO formed in the bosh. Due to 
the completeness of the calculations in relation to the 
> ratio, this was included and 
the exclu ght have enabled more fur- 

low the lb mol system of calculations 

furnace to a better degree. By con- 

ilar analysis, this part of the 
been omitted. However, if this 
total rewriting of the paper later would 
ssary in order to make the work com- 
is now. It also would not have been nearly 


t} ' 
1€ oO 


less than 


was necessary 


ion mi 


through 
sidering only irons of sin 
calculations n 
had been done 
have been nece 


plete as it 


ight have 


as authoritative 


In the paper, there appears the reaction 


H.O CO = CO, +H 1] 


Dr. Joseph states that he did not take this reaction into 
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Furnace Gas 


consideration in any calculations pertaining directly to 
the paper. The probable reason for this is that al- 
though it contains all the main reacting top gases ex- 
cept N,, it is rather inflexible it is monomolecular 
in relation to each of the reacting gases and does not tie 
in with the gasification of C 


Actually the reactions 


since 


H.O + Cz 
2H.0 + C= CO 
lution loss reaction 


CO Cc- 
ime an equilibriun 


2CO 


through the reaction 


H.O co=co H 1} 


which should be considered a balancing or equilibriun 
reaction. Reactions 2, 3 and 4 permit furnace condi- 
tions to balance with the CO/CO, ratio and H, forma- 
tion. They tie in with the solution lo Reaction 1 
unites them chemically 

Probably the best calculation to make at this time 
would be to try to find the relative importance of the 
CO, from the flux and the H, in the dilution on an 
actual furnace gas analysis. For this purpose the Dob- 
scha-Carnegie-Illinois paper Effect of Sized and Sin- 
tered Mesabi Iron Ores On Blast Furnace Performance” 
This paper was presented before the blast 
section of the AIME in 1948. This represents 
the best large scale furnace operation available to me 
Unfortunately the were brought about by 
beneficiation of the burden and not by changes on one 
burden 

In choosing the basis for the calculation in relation to 
the furnace, 100 mols of dry top gas is chosen. This 
leaves something to be desired inasmuch as the nitro- 
gen basis is changing but I will be better 
understood than any other type and it is the easiest 


is chosen 


furnace 


changes 


believe it 


to use 
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Normal Ores Prepared Ores 


Mol 


been tormeda 
worked ; well as the ef- 


not be considered a 


Normal Ores Prepared Ores 


Normal Ores Prepared Ores 
Mol 


Normal Ores Prepared Ores 


i change in solution 
They represent a 
il fu 
j 


. muct 
Norma Prepared 





Oxygen in Liquid 


SSIO 


John Chipman 
J I ing controlling 
men 1d I ulphurization is under- 
But from the standpoint of deoxidation its 
yuld be itirely n tapping if the reaction 
iir is compar le with thi rted here 
1. Bacon (John Summers Si Ltd., Shott 
I S parti interested to see 


tapping streams, as we have taken 


if the teeming streams between 
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the ladle and the mold. The original purpose of taking 
the films was not connected with oxidation, but we 
found that the form of the metal streams varied 
some of the streams were relatively compact 
whereas others were very ragged. I should like to ask 
Mr. Larsen for his views on the degree of oxidation 
that takes place between the ladle and the mold, and 
to what extent this might be influenced by the form 


f the stre 


N. R. Arant Tita) ” Alloy Manufactur ng Co 
Pittsburgh)—The results and motion picture studies in 
this paper indicate that perhaps a great deal can be 
learned if the oxidizing and nitrifying effect of air 
accentuated. One way to observe 
consider the elements which 

air, namely; aluminum, titan- 
Since steels containing both ti- 
in widespread production, 

to test. The more common 


greatly; 


an 


luring tapping 


effect would 


would 
arc-electric furnaces are: 321 

) pct Cr-Mo-Ti and 19-9DL 
ninum have a strong affinity 
oxygen; therefore, if the steels 
be tapped with a minimum of 
nuch cleaner final product might 
titanium nitride and aluminum 
ions. Furthermore, since ferro 
expensive there is the 
; t <« 


f 


methods with the 
active ele- 


tapping 

considering the 

possible to more 

llate tI Y * which comes 
the steel during tapping 

lata during tapping, I believe i 

»btain representative samples of meta 

the ladle, and during teeming 

it seems logical that a clearer 

the oxidizing and 


ring tapping and 


t 
l 


rgical Co Dir on of 

Pittsburgh Metal- 

ference to the problems 

letern reactions which occur 

tapping The authors 

paper are to b ymmended for developing the 

r oxidatior n 10d of termining the amount of 

reaction tak li luring tappirg and ladle filling 

This paper was presented before at the 1950 Open 

Hearth Conference, and at that time a discussion was 

presented by Mr. Tenenbaum. He offered data which 

indicated that the degree of air oxidation was less on 

were blocked than on heats which were 

rebuttal, Brower failed to agree 

nent that “losses of elements 

generally small.’ 

information on all! 

ts which would indi- 
xidation? 


open hearth heats 


tap are 
specif 
of blocks open | 


r lifference due to initial de 


B. M. Larsen (authors’ reply)—Dr. Chipman’s idea 
of separating slag and air oxidation by using data fron 
electric Turnace 
logical one. We have obtained data on a few such heats 
but the method of estimating oxidation by difference 
from alloy aterials balances, gave inconclusive re- 
sults. Both the quiet metal bath and the tap strean 
tend in this practice to be quite inhornogeneous and 
the sampling problem is an almost impossible one 
Thus we feel that such evidence is not nearly as good 
paper, which indicates a rela- 
tively negligible effect from reaction with slag. These 
data on electric steel heats did indicate a large loss by 
air oxidation, and in spite of the uncertainty caused 
by variable analyses and the difficulties of representa- 
tive sampling, we believe that much of this oxidation 
loss is real, and that with respect to the final ingot, at 
least, deoxidation is essentially dependent, not on the 


heats with reducing slags at tap is a 


as that given in the 
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reducing slag, but on the deoxidizing alloys just as it 
is in the open hearth. Thus, the tendency for much 
electric steel to be cleaner than open hearth remains 
about as much of a mystery as ever from any data we 
have obtained to date 

We did try to obtain the “representative samples” 
listed by Mr. Arant. However, the sampling here is a 
problem at best. Fortunately, the metal in open hearth 
baths is usually well mixed on heats tapped open 
Blocked heats show somewhat more variability in tap 
stream composition 

We cannot give a definite answer to Mr. Bacon's 
question about oxidation between ladle and mold, al- 
though a few inconclusive indications from inclusion 
counting vs. various controlled and uncontrolled teem- 
ing conditions did indicate the probable existence of a 
relatively smaller effect which we rather believe did 
tend to increase inclusion content in the ingot f 
noted in our comments on “oxidation effects and steel 
quality” in the paper, we suspect that certain factors 
are present which are perhaps not yet even recog- 
nized or at least are poorly understood. At least it 
appears that ragged or spraying teeming streams are 
worth taking some pains to avoid 

For a really conclusive answer to Mr. Kulp’s ques- 
tion about relative alloy losses between blocked and 
open heats, comparative data on groups of 20 to 30 or 
more heats in the same grades of steel should be used 
The pattern of variability in tapping conditions is so 
haphazard that results on smaller groups are not very 
reliable unless the factors involved have a large effect 
However, the following data are on three small groups 
if killed heats, all of them n carbon 


stiy around U.950 to U.60 pet ( 


No Block 
Tapped on 
Carbometer Fine 

Fine Grain Grained 


Blocked Heats 


Coarse 
Grained 


Differences here are in terms of the 
indicated weight of oxyge e% ing rom sources out- 
ide of the metal 
grained heats had less alu 


presumably fr« é The coarse 
which is rea- 
onable, and less most likely 
the oxygen happened to react more with the silicon 
In total alloy losses, one group of blocked heats was 
higher, the other lower, than the heats tapped open 
with no furnace block. As Brower in an 
earlier discussion" of this same paper that although 
aluminum and silicon and perhaps manganese (when 
high in fines) probably are all lost to some extent by 
floating and burning at the surface (aluminum may 
also react to some appreciable extent with ladle lining 


urfaces vet 


manganese becaus¢ 


hown bD 


quite large losses can occur from alloys 
definitely dissolved in the iron solution by some ex- 
ternal effect which, directly or indirectly, would seem 
to be from atmospheric oxygen. Such an effect, al- 
most obviously, is independent of any blocking or 
other occurrence in the furnace before tap 

As a purely practical matter, blocked heats with 
much of the alloy additions made in the furnace before 


tap probably do have somewhat lower average losses 
fter tap, but the added losses in the bath before tap 
are such that total alloy loss is generally equal to o1 


a 


greater than in heats tapped open. That blocking im- 
proves quality is at least very doubtful, and it is cer- 
tainly wasteful of alloys and of furnace time. Though 
sometimes needed for other practical reasons, in the 
writer’s opinion, the blocking of heats should be 
avoided as much as possible 


Oo He th Proceed AIME 
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Metallographic Study of the Martensite Transformation in Lithium 


DISCUSSION, M. Col presidiy mens, transformation on cooling should still have oc 
urred in grains which did not form part of the outside 
free surface) of ,he metal. This may account for the 

Oxford, Eng was very int ed in owl X-ray lines of the low temperature phase which were 
> : found. There is thus the interesting possibility that in 
polycrystalline specimen a liquid, or in some cases a 
lid, film of material of comparable or higher density 
lower M,, while in a single crystal it should sup 

ress the transformation completely 
that considered by Frank In the case of cobalt it is necessary to find a dens¢« 
; p plar quid which will not react with the metal at the trans 
ormation temperature. The most promising liquid ap 
pears to be pure lead, but it is very difficult to devise a 
method of investigating whether or not this does sup 

s the transformation 


nartensiti¢ n explained 
the reflection f “half d ll 


f atomic planes.” This re 


islocat 
nperature wo ) required \ 
F 


grained ycrystalline 





Crystal Structures and Transformations in Indium-Thallium Solid Solutions 


DISCUSSION, M. Cohen pr ling 1e cubic to tetragonal transformation may be of the 
A. H. Geisler and D. L. Martin (G« ctr 2 ond order, for we have been able to show that the 
aboratory, Schenectady 1 ? wel order-disorder transformation in an analogous alloy 


ro} 


rather interested to note the auth clusion at ystem is a first-order transformation with a discon- 
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tinuous change in composition, rather than the fre- 
quently assumed second-order type.“ Although it seems 
questionable whether the heterogeneous equilibrium 
of a martensitic reaction may be described, the author 
has attempted to define the reaction type, and on this 
basis we should like to examine the evidence further 
In our work we have stressed the importance of estab 
lishing equilibrium, which may require hundreds of 
hours at relatively high temperatures. It is our conten 
tion that lack of equilibrium leads to results that sug 
gest the so-called second-order type of transition. Here 
the author has attempted to attain equilibrium in time 
intervals of slightly more than a few minutes. We 
would like to know whether the transformation was 
studied using any appreciable annealing periods 
those cases in which two-phase structures were merely 
assumed to be nonequilibrium 

In regard to the supposed continuity of volume 
shown by Fig. 3, if the curve were drawn through the 
data points for the 12% and 18 pct alloys, there would 
be a discontinuity between 18 and 19 pct Tl. This would 
suggest a first-order transformation with a two-phase 
field at these compositions and the specified annealing 
temperatures of 105° to 135°C. These conditions agree 
with the boundary in the phase diagram, Fig. 9, but 
require that there should be two boundaries. On the 
other hand, the data in Table I appear to apply to the 
structure at room temperature and if this is so, it seems 
inconsistent to assign any special merit to the data 
plotted by full circles which are specified as “more 
thoroughly annealed specimens” where the annealing 
refers to 105° to 135°C and not room temperature. Thus 
it is questionable whether these data could support a 
conclusion regarding the type of reaction 

The author has observed that the data indicate no 
two-phase region wider than about 0.5 pct Tl at room 
temperature. This hardly seems an adequate basis for 
concluding that the cubic-tetragonal transformation is 
one of the second order rather than of the first ordez 
We are sure that the author considers the liquid to 

lid transformation in the indium-rich alloys as the 
first-order type, yet the phase diagram, Fig. 9, fails to 
show width in the liquid plus solid field for alloys up 
to 30 pct Tl. Naturally, the minimum accounts for zero 
width at one point only. In fact there are many binary 
systems in which the two-phase field between a liquid 
and solid solution is very narrow or has escaped detec- 
tion. Similarly the fields between two solid phases such 
as ferrite plus austenite in most of the y loop forming 
systems of the iron-rich alloys are narrow. The A.S.M 
Handbook shows a2 0.1 pct maximum range for Fe-V 
The two-phase fields between the ordered and dis 
ordered phases in Co-F't alleys with 18 to 215 pet Co are 
less than 0.5 pet Co in width but still are detectable 
In this case we found that electrical resistance meas- 
urements were most convenient for determining bound- 
aries of the two-phase fields 

1ce the two-phase region, if it exists between cubic 


ind tetragonal phases in In-TI alloys, is narrow, addi- 
tional evidence is needed before the type of transfor- 
mation can be definitely established. Perhaps, as the 
author noted, highly precise measurements of the heat 
capacity are needed to distinguish a first from a second- 


order transformation, but there may be some doubt 
that the sensitivity of thermal methods is as good as 
that of currently used techniques. Apparently the only 
practical deciding test for a two-component system is 
whether or not there is an “unambiguous” two-phase 
region. The test has not yet yielded conclusive results 
for many systems including the order-disorder reaction 
in 8 brass 

L. Guttman (author's reply)—The comments of Drs 
Geisler and Martin are valuable for drawing attention 
to portions of the paper which are obscure, partly for 
reasons of language. It is hoped that the following 
formulation will clarify the basis for my conclusions, 
which remain essentially unchanged. 

The evidence summarized in Table II is that the 
cubic-tetragonal transformation, both on heating and 
cooling, is complete in a temperature interval of less 
than 10° centered on the line drawn in Fig. 9. Hence 
the equilibrium boundary or boundaries must lie within 
this region, which is about 0.5 atomic pct wide at all 
temperatures, the slope of the line being roughly 20 
per atomic pct Tl 

The effect of uniform long annealing is to decrease 
the fluctuations of a few hundredths of 1 pct in the 
lattice parameters apparently caused by severe defor- 
mation, which would otherwise obscure the changes 
associated with the transformation itself. The choice of 
the phrase “approach to equilibrium” to describe this 
process of stress relief was unfortunate. However, aside 
from the uncertainties due to this effect and to the 
hysteresis between the direct and reverse transforma- 
tions, the question to be decided from Fig. 3 is whether 
there is any discontinuity in volume in the vicinity of 
22.7 pct Tl, where the structure changes from tetragonal 
to cubic at room temperature; the annealing tempera- 
ture itself is immaterial as long as it is high enough, 
since the high temperature structures cannot be under- 
cooled more than a few degrees, see also Fig. 8 

Shortly after the present work was submitted, there 
appeared a similar study by Makarov” which agrees in 
finding no two-phase region between the cubic and 
tetragonal forms, and places the boundary at about 25 
pet Tl at room temperature 

The relevance to the present case of arguments based 
on other systems is of course questionable; moreover, 
they should not be allowed to confuse the generally 
valid criterion that the absence of a two-phase region 
means that the transformation is of higher order than 
the first, and vice versa. In particular, examination of 
the data of Valentiner,’ which could not be adequately 
shown in Fig. 9, will reveal! definite separation of 
liquidus and solidus between ) and 12 pct Tl, even in 
this very unfavorable case of a minimum melting point 
only 4° below that of pure In. 

Finally, the intention of the comment in the footnote 
(p. 1477 of the paper) was obviously not to recommend 
thermal methods for characterization of transforma- 
tion order in solids 


J. B. Newkirk, R. Smoluchowski, A. H. Geisler, and D. L. Mar 
t Applied Physics (April 1951 
S. Makarov: Izvest. Akad. Nauk. S.S.S.R. Otdel. Khim. Nauk 
0) pp. 485-491 





Crystallography of Cubic-Tetragonal Transformation in the Indium-Thallium System 


DISCUSSION, M. Cohen presiding 
A. H. Geisler and D. L. Martin (General Electric Re- 
earch Laboratory, Schenectady, N. Y.)—The authors 
have very nicely demonstrated that the observed data 
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agree much better with a proposed double-shear mech- 
anism than they do with an assumed twinning mech- 
anism. Reference is made to our results on an analogous 
alloy, Co-Pt in which a disordered cubic phase trans- 
forms to an ordered tetragonal phase.“ True, our con- 
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Fig. 14—Array of poles for 
tetragonal structure formed 
by transformation mecha 
nism proposed by the au 
thors (left) and thot for 
nucleation and growth on 
111} planes with first 
generation twinning (right 


RE FOR NUCLEATION 
AND TWINNING MECHANISM 


same orienta cubic crystal becomes tetragonal by simple expansion 

imation. Actu along one cube axis and contraction along the other 

require that two, without change of orientation. In this case coher- 

s of 27’ to 43 ency on {111} planes appears to be promising. That is, 

according to a probable mechanism to test the twinning hypothesis 

and [001 would be to assume that the tetragonal phase formed 

from the cubic phase by growth of platelets on {111} 

t that a better assumption planes with the tetragonal lattice being attained by 

ng the twinning mechanism adjustments in the spacing and atomic positions of 
) assuming that the original 111} cubic planes. It is interesting to note that this 


7 ERAN SON 


Fig. 15—Banded structure in un 

representative surface layer of 48 

atomic pct Co-Pt alloy disordered 

<~ ew ~ at 950°C then cooled to 822°C 

: SSA SNSRS Sr ~ and held 25 hr and water quenched 
oS = WE ‘ 2 

co ; Ordered plus disordered phases 


YW SS x500 
- 5 ff? 7 
’ « ; fey, Area reduced approximately 40 
oA Piyiy ‘ 4 pet for reproductior 
fi tf “A 
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16——-Widmanstatten pattern ‘left! and striations (right Fig. 17—Striations in fully ordered sample of 54 atomic pct 
54 atomic pct Co-Pt alloy held 50 hr at 728°C. Ordered Co-Pt alloy held 1000 hr at 600°C. X100 
plus disordered phases. X500 
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Fig. 18—Surface deformation in In-TI alloy. Oblique illumina 
tion. X75 
mechanism provides a pole figure for the 20.75 pct Tl 
alloy, Fig. 14, in which the central portion is identical 
to that for the proposed double shear mechanism. Poles 
for the initial platelets of the tetragonal phase and first 
generation twins only are Possibly the outer 
poles represent twins that do not relieve transforma 
tion stresses and thus do not occur. It might be profit 
able to search for these and for a Widmanstatten pat 
tern of platelets of the tetragonal phase on {111} planes 
f the cubic phase if samples could be prepared for the 


shown 


two-phase structure with microscopically resolvable 
particles and without the structure being obscured by 

the banded markings 
The authors have suggested that the ordering re 
action in allovs such as Co-Pt, Fe-Pt, and Cu-Au might 
ress by double shear mechanism on the basis 
striated microstructures are observed for these 
alloys also. We should like to examine the comparison 
further, particularly in regard to Co-Pt where we have 
made a rather extensive study of the microstructures 
In only one observed the clear-cut 
main bands sublamellae shown by Fig. 15 anal 
ogous to the structure reported by the authors for In 
Tl alloys. Here all bands are parallel to {110} planes 
and the subbands are on planes at angles of 60° to the 
plane of the main band, and with evidence of inter 
pretation. The sample which was disk-shaped as cut 
from 4 in. diam rod exhibited a transformed zone only 
around the cylindrical , 
15). The sample had been held at a temperature 

‘ -— | ‘ 


the trar 


san ple have we 
with 


surface ee Fig. 7a, reference 
above 


y } hist he 
ormation ing I € iK al t 


the range for the presumably impure surface layer 


This sample provides an insight into the mode of lateral 
growth of the main bands. These usually occurred in 
pairs with a W-shaped edge possibly due to tilting in 
opposite senses as for In-T] alloys, but frequently single 
main bands were observed to be growing in the un 
transformed matrix as in Fig. 15. The sloping surfaces 
at the V-shaped edges are parallel to some high order 
plane such as {780}. Possibly this should be considered 
as the “habit” plane rather than the {110} planes to 
which the irregular edges of the fully developed sub 
bands are parallel 

Usually the striated structures in Co-Pt alloys are 


TRANSACTIONS AIME 


Fig. 19—Same as Fig. 18, electropolished and electroetched 
Area Figs. 18 and 19 reduced approximately 40 pct 
for reproduction 
not as clearly defined as that shown above. The more 
prominent striations are apparent when the transfor- 
mation is conducted at temperatures in or near the 
equilibrium temperature range. The striations may 
occur in irregular nodules bounded by no distinct main 
bands suggesting that the “first shear” is unnecessary 
In one sample a banded structure was observed in some 
grains (Fig. 6d, reference 14) whereas others had a 
clearly defined Widmanstatten pattern of platelike 
particles of the ordered phase in the disordered matrix 
(see Fig. 6c, reference 14 and Fig. 7d, reference 15) 
It is believed that the latter is the primitive mechanism 
of the transformation and this is obscured in grains so 
oriented with respect to their neighbors that the self- 
deformation process may operate. The two types of 
structures in adjoining grains are shown by Fig. 16 
Recent analyses show that the striations also correspond 
to traces of {110} planes rather than to the previously 
reported {111} planes.’* When ordering is conducted at 
temperatures such as 700° and 600°C, which are below 
the equilibrium temperature range, the striated struc- 
ture is less prominent (see Figs. 7c and 7d, reference 
14). Nodules of parallel bands are no longer prominent 
and the bands appear wavy and intersect each other 
very frequently as in Fig. 17. The microstructure is 
more similar to those which have been reported for 
Cu-Au* and Fe-Pt* alloys than it is to that reported for 
In-Tl alloys. In Co-Pt alloys the cubic phase can be re- 
tained by quenching and the transformation can be 
promoted isothermally at subcritical temperatures 
Under these conditions the striations appear after the 
start of the transformation and continue to become 
more prominent long after completion of ordering 
according to X-ray data on the same metallographic 
samples which lend support to the hypothesis that they 
represent a mode of stress relief rather than the primary 
transformation. Finally striations are faint or absent 
on ordering at 500°C where most prominent manifes- 
tation of the transformation is the formation and growth 
J. B. Newkirk, A. H. Geisler, D. I Martin, and R. Smo 
v's Trans. AIME 1950) 188, p. 1249, Journat or MetTats 
1950 
Newkirk R. Smoluchowski, A. H. Geisler, and D. L. Mar 
f Applied Physics ‘April 1951 
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at grain boundaries (see Figs 


ned to believe that the major mech 
formation in Co-Pt alloys is by the 
rocess in which platelets of the 
nucleated and grow parallel t 
ibic matrix d that the major 
ation process by 

are relieved in 
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were second-generation twins the pole clusters could 
not correspond to observation 

3—On the proposed mechanism, there is no way to 
account for the observed mode of development, which 
is invariably the propagation of a (110) interface into 
the cubic material. In the paper, it was assumed that 
the bands appearing on a smooth surface were identi al 

th the “main bands” revealed by electropolishing 
and etching, and hence represented traces of (110) 
planes. Although any other possibility seemed unlikely 
we have since verified their identity by comparison in 
several cases of the surface distortion with the micro 
structure of the material immediately below, as shown 
by Figs. 18 and 19. It should be noted especially that 
both members of a pair of main bands are tilted with 
respect to the original cubic surface (Fig. 5, reference 

and hence that at least part of the tr 

must occur homogeneously 

4—It seems rather perverse to describe the banded 
markings as “obscuring” the structure when in fact 
they have served so well in elucidating it 

Apparently the 
alloys is more complex than suggested by us 
basis of earlier information 


ansftormatior 


Co-Pt 


mechanism of ordering in 
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thermodynamic 


and we assume that 
gradient at the markers, although it 
the figure is slightly high 


Diffusion in Solid Solutions of Metals 


Johnson measured D an i chemicall 
ymogeneous alloy and so hi I I a figures repre 


nt the tri or ideal diffusi coefficients”; the same 


quantities eq 9 represent th ial diffusion co- 


fficients as would be measu! i 1e presence of 


ical concentration gradient V need to 


Johnson's reported val 


mcentrati arkers 
ve shall assun ) Th l ( 


1d the tempera 


res at which D.2 annealed were ob- 


tained from thermodynami lata qt by Darken 


N was con 
liffusion of Au an 
imption that in t 
ration distance ct 


tandard equation 


in concentra 


+ + 


this represents the concentration 
is probable that 


When all the appropriate quantities are inserted in 


eq 9, we find that the expected shifts are: for D.2, 0.0134 
cm and for D.3, 0.0119 cm 


The agreement between these results and those 
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Fig. 62 ‘above Voids in diffusion zone of 
Cu/Ni couple diffused at 1080 C for 68 hr 
in hydrogen. Mechanically polished. X270 


Area reduced approximately 75 pet 
for reproduction 


Fig. 63 ‘right!—Cu/Ni couple diffused at 
940°C for 66 hr in argon 
polished. X27 


\rea reduced approximately 70 pet 
fer reproduction 
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arker movement is pr¢ 


atisfac 
of movement will prob 
yndary role. Further work along 
be ade rea 
hich touches upon the closing 
Matano interface agrees with 
The validity of this statement 
ised as evidence that porosity 
the authors did in fact find 
be contradicted by the re 
), B 39-I (Fig. 19), and 
as measured using the 


d are in the opposite direction t 
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e difference in diffusion 


sulting from the lattice parameter change can only be 
relieved in the direction of diffusion. If this correction 
is made then all the points on these plots lie under a 
line which is the sum of the corrected curve for the 
lattice parameter shift and the maximum possible shift 
with the remarkable exception of the results for Cu/Sn 
couple s 

Using the same result that the movements are re- 
stricted to the diffusion direction, the lattice plots (Figs 

to 24) should be modified, if the effect of the change 
lattice parameter is not to be included in shifts ob 
tained by the diffusion curve method. A rough calcula 
tion in the case of the sample B 39-I, for example, would 
nove the Matano interface to a position much nearer 
the ordinate. As the shift given by this diffusion curve 
as it stands is in the wrong direction, this correction 
improves the result. In all cases the correction will 
move the Matano interface toward the small atomic 
component and so increase all the shifts as calculated 


in 


final 


nterfece 


oncentretion 
ntour 


ickel 


the diffusion curve (apart from those in the wrong 
direction, already mentioned, which will be reduced) 
The correction is only of importance in those couples 
vhere the Kirkendall effect is small 
It would be interesting to compare figures from the 
foil bend method and the diffusion curve method, for 
the difference the volume occupied by 
stl 


voids can 


this paper found porosity in only the 

the Cu/a i ind the Cu/AI bronze 

us (R has found quite unmis 
occurring in the diffusion zone of Cu/Ni 

1e copper-rich side of the original inter 
voids to those reported were also found 
brass couples on the zinc-rich side of the orig 


32 shows the shape of these voids in a Cu/Ni 
couple which has been diffused at 1080°C for 68 hr in a 
hydroge It may be observed that most of 
straight faces which suggests 
that the voids are polyhedral in shape. Fig. 63 shows a 
ilar couple, in this case diffused at 940°C for 66 hr 

an argon atmosphere and given an electropolish 

ch destroys the shape of the voids but reveals their 
sition relative to the original interface, which is 
nade visible by the impurities occurring in the welded 
30th micrographs show that the voids form in a 
definite plane at right angles to the diffusion 

i reported for the brass couples, at some 

the original interface, but in the diffu 


1 atmosphere 
these voids have some 


63 the technique of outlining a concentration 
ontour on the nickel-rich side of the original inter 
e, as previously described,” has been used to show 
preferential diffusion of the copper along the nickel 
grain boundaries, and in these regions where the extra 
liffusion has taken place the marker 
seen to bulge towards the copper-ri« h side, so giving a 
ger Kirkendall shift in these regions 


interface can be 
lar 
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presumably somewhat fortuitous. The 
research lies in its necessary incomplete 
good to expand the data for the Ag- 
marker shift, as well as for the separate 


nts by the of tracers—it is a bit 


coefficie 
that Johnson’s work has not been extended 


n diffusion samples is often a fugitive, 
phenomenon. Although invariably observed 
ass couples, its occurrence in other couples 
nes debatable most cases it is slight to the 
incertainty ing exaggerates it (and may 
separate pores, as 

the formation of etch pits 1 
Certainly even in Cu/a brass 
l if porosity is s udging 
bservatior apart n 1 rgument 
concurrence of the origi in face and 
It should be noted in passing that 
ults on samples B 22 B 39-I, and 
the concentra 
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7S SSION | ‘ j figur vel! dE r is not self-consistent. It is 


Hibbard, Jr é I t Si ‘ reasol! o have one of the four octahedral poles 
: ie Backol wapew ee “¢ o the f git Or ‘ 1 an area of high intensity, 
: fe: vi rs are in s of low intensity as is the 

the texture is (112) [111], and a density 

in the longitudinal direction, then a 

must occur in the other positions for 


poles of that orientation, or that is not 
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Fig. 10—Single crystal of « brass with (111) plane 
perpendicular to the torsion axis ‘axis vertical, plane 
horizontal! given 1.68 shear strain in torsion showing 
slip lines and deformation bands. Polished prior to 
twisting. X10 


st consistent inter 
duplex texture 
ngitudinal directior 
with a random orier yn of poles perpendicular 
to that direc ' texture) 
(110 001 
This interpretation will ; yunt for the three high 
octahedral 


density octahedral areas 


oles in low density areas. It « 
I 


require 
critically evaluated 
by examining the (002 g and determining 
whether or not thers an actually oriented 
with their 001 poles parall ot ; axis 
For both of these orientations sli ystems are suitably 
riented w slip du ions in the direction of max- 


reflectio 


num shear stress to account fer the required flow on 


the basis of sented in reference 7 

The signifi duplex texture might be ex 
plained on the experiments conducted in 1947 
at Hammond Laboratory by Dr. R. E. Swift at the re 
quest of Professor C Mathewson. The theory of 
table texture les ) in reference 7 indicates that 

i in the texture orienta 
ur without changing this 
nen was prepared from a 
1 an octahedral plane per 

111 direction parallel to 


torsion axi 
the longitudinal direction in accordance with the first 
and the specimen was given a 
Unfortunately, here too, 
ion did not function and the 
so subjected to axial compression The 


ippearal f line n the surface (Fig. 10) indi- 


rientation listed above 
hear strain of 1.68 in torsion 
the provision for free tor 


pecimen Was ¢ 


cated that ) the deformation occurred by shear 
on the octahedral plane perpendicular to the torsion 
axis leaving the 111 direction essentially parallel to the 
longitudinal direction and substantiating the suggestion 

t this is the stable end orientation or texture for the 
torsion This orientation 

the same as the wi with a random rangs 
1f orientations from 110 to 2 normal to the stress 
axis. In addition to these slip lines there were several 
deformation bands emanating from the grip ends and 
extending a slow helix toward the center of the 
specimen (als¢ 1iown in Fig. 10 In these deformation 
bands the ir about 50° from those in the 


th 


centered cubic metals 
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matrix within 5° of where they should be for a (110) 
{001} orientation. It was my opinion that these defor- 
mation bands were the result of the stress complexity 
caused by the lack of free torsion or axial compression 
component, and that they would not have been there 
under pure torsion. There is the suggestion of the start 
of such a band in the upper right corner of the left 
micrograph of Dr. Backofen’s Fig. 8 

It is my suggestion, therefore, that the texture for 
the pure torsional deformation of face-centered cubic 
metals is the same as the wire texture, namely 111 
jirection parallel to the torsion axis and a random 
range of orientations from 110 to 112 normal to it; and 
that lack of free torsion or the compression component 

1 the torsion axis causes deformation bands to form 
of the orientation (110) [001] 

W. A. Backofen (author’s reply)—Dr. Hibbard sug- 
gests that the interpretation of the pole figures is not 
self-consistent because all of the octahedral poles asso- 
ciated with an ideal orientation do not fall in equally 
dense areas. This is certainly a significant comment, 
but it seems that it might be extended to other com- 
parably accurate pole figures describing some of the 
nore common cold-working textures. Fig. 11 is a (111) 
pole figure of cold-rolled copper which was constructed 
with the technique developed by Norton” and discussed 
n connection with Fig. 6 of the paper. The orientations 
included in this figure, while they do not position octa 
hedral poles in equally dense areas, constitute the 
accepted description of the texture 

Dr. Hibbard’s interpretation of the pole figures is 
particularly attractive because of its simplicity. But the 
writer avoided choosing the [111] wire texture with 
rotational symmetry about the torsion axis, for if this 
were developed it would seem that any direction from 

110} to [112] in a (111) plane might act as a slip 
direction 

A slip direction could be expected to coincide with 
the transverse direction of maximum shear-stress, but 
it should be unnecessary for active slip planes to be 
oriented only perpendicularly to the torsion axis as the 
111] wire texture would imply. It should be possible 
to rotate a slip plane originally perpendicular to the 
torsion axis about the active [110] slip direction with- 
ut creating an unstable texture. By the rotation, the 
verall texture is broadened and the (111) [112] and 

110) (001) orientations can be derived from the (112) 

It is not easy to rationalize the ideal texture 

112) [131], which can be obtained very nearly from 

the (111) [112] by a 20° rotation about a [110] direc- 


234 
Fig. 11—(111) pole figure of OFHC copper reduced 95.5 pct 
in thickness by cold rolling 
Ideal orientations: solid square—(110) (112); 
(112) (111) 


solid triangle— 
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Pa 


64 


tion lying in 
the 
tion 


the plane of Fig. 7 and inclined 30° from 
longitudinal direction. It may be that the contribu- 
f this orientation to the description of the torsion 
texture is not important enough to warrant its use 
The [100] pole distribution was examined by means 
f a (100) pole figure and also by measurements of the 
of reflection from (200) planes parallel to the 
flat surface of disk-shaped specimens removed from 
on bars. These specimens were prepared so 
r flat surfaces were perpendicular to the axes 
bars. It could be concluded from the information 
btained in the two that there were some grains 
ented with their poles parallel to the longi- 
il or torsion 


very 


ntensity 


ymme torsi 
that thei 
f the 
ways 
100 
tual axis 
It interesting th 
bands in twisted single crystal descr 
Hibbard are of the orientation (110) [001]. These un 
ioubtedly co ibute to the overall texture. However 
4 was constructed from a spec! 
ynably free from axial compression 
id it not different from the others 


to learn at the deformation 


bed by Dr 


the 


ntr 


This suggests that the (110) [001] part of the texture 
cannot be attributed entirely to deformation bands 
caused by the restricted torsion. Since this work was 
published, the axial compressive stress resulting from 
restricted torsion has been measured. For copper speci 
mens used in this work, the stress rises gradually to a 
maximum of about 2000 psi, which is 8 pct of the cor 
responding shear-stress at a shear-strain of 2. It then 
decreases rapidly as the shear-strain increases. Thus 
the constraint is relatively small and again it does not 
seem that it is entirely responsible for the pronounced 

110) [001] component of the texture 

Additional work the texture in 
crystalline a brass has just been completed, but, un 
fortunately, the pole figures have not yet been pre 
pared for publication. It is interesting to find that the 
(110) {001} orientation is 
component of the However, 
texture does not appear to be a 
of the balance of the texture 


on torsion poly 


a necessary, although minor, 
the [111 


n adequate description 


texture wire 





Effect of Ferrite Grain Structure Upon Impact Properties of 0.80 Pct Carbon Spheroidite 


DISCUSSION, J. R. Low pr ig 


S. Steel Co., Kearny 


R. M. Fisher and J. F. Boyce ([ 
V in 


J In leterminations of ferrite 
ens of AISI-SAE 1060, deoxidiz 

i 2 lb of Al per ton we found, in agreement with 
authors of this excellent paper, that ferrite grain 

e established by tempering martensite Is apparently 
lependent of prior grain size over a consid 
We felt that others might be interested 

tur experiences with martensite tempered for shorter 
pheroids were much 

grouped than those in 


recent grain size 


ed with 0 


austenite 
hy! 


ravi 


range 
smaller and 
the authors 
lifficult to estin reliably 


ite ferrite grain 


Fig. 2la left 
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2!b—Tempered martensite, | 
F Ammonium 


nital etch 
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persulphote and 


X9000 


1250 °F 
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21e—Tempered martensite, 19 hr at 
5 pct nital etch. X2000 


size with the optical microscope in specimens quenched 
from 1650°F, tempered for 1 hr at 1250°F, and etched 
with nital of various concentrations up to 5 pct. A 
typical micrograph of an aluminum-free specimen after 
this treatment shown in Fig. 2la. Austenite 
size ASTM No. 3 in this steel and No. 7 in 
containing aluminum 

It was hoped that the 
jescribed by Clark 
nent of ferrite However 
rather than individual spots were 
cated merely that the ferrite 
ASTM No. 11 

Finally we resorted to the electron microscope and 
found that by etching these specimens in 2 pct aqueous 
ammonium persulphate solution for 10 sec, followed by 
3 pet nital for we were able to observe ferrite 
grain size and structure. Collodion replicas, shadowed 
with uranium made of all four By 
counting icrographs repre ran- 
lomly for each specimen the 
ferrite of all specimens to 15 
ol prior of 
addition. A portion of a electron 
of the replica the 
specimen is shown in Fig. 21b should be noted that 
the etchant used shows the ferrite grains primarily be- 
cause of differences in appearance of the surface of ad- 
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Fig. 21d—Tempered martensite, 19 hr at 
1250 °F Ammonium persulphate and 
nital etch. X7000 
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To investigate whether ferrite grain boundary de- 
lineation would be improved by longer tempering, the 
aluminum-free specimen was heated an additional 18 
hr at 1250°F (Figs. 2lc and d). Ferrite grain size was 
again determined by counting the number of grains in 
the known area of electron micrographs and was found 
to be ASTM No. 13.5, a five fold increase in volume 

The grains in the electron micrograph (Fig. 21d) ap 
pear more equiaxed than those in the optical micro- 
graph (Fig. 2lc). This seems to indicate that some of 
the elongated grains, observed with the optical micro- 
scope after etching with nital, consist of more than one 
equiaxed grain, but that nital failed to outline all 
boundaries adequately 

It was found that altogether 
satisfactory with the electron microscope as ammonium 
persulphate plus nital, ammonium persulphate plus 
nital was not as satisfactory as 5 pct nital when etching 
for the optical microscope 

We conclude that ferrite grain size may be measured 
by using the electron microscope and an ammonium 
persulphate plus nital etch, when it is difficult to out 
line grain boundaries satisfactorily for the optical 
microscope 

M. Baeyertz (authors’ reply )—The authors are grate 
ful for the added information on ferrite grain structure 
presented by Messrs. Fisher and Boyce. When the ef 


5 pet nital was not as 


fect of composition on ferrite grain growth as well as 
the influences of temperature and period at tempera- 
ture are taken into account, the evidence in the optical 
and electron micrographs of the’discussers seems to be 
in agreement with the optical observations of the 
authors. The ferrite grains in Figs. 2la and b are 
elongated and of the shape that might be anticipated 
from a martensite plate structure, but as stated in the 
discussion, considerable equiaxing and some growth of 
the ferrite grains was observed after treatment for 19 
hr at 1250°F. With the 0.80 pct C-1 pct Ni steel used 
by the authors, the spheroidization treatment of 54 hr 
at 1150°F caused but very slight ferrite grain growth, 
so that the ferrite grain structure after this treatment 
was essentially the same as that observed with shorter 
periods of spheroidization at the same temperature. The 
difference in the rate of ferrite grain growth in the 
discussers’ AISI-SAE 1060 steel and the authors’ 0.80 
pct C-1 pct Ni steel is ascribed to the differences in 
composition and spheroidization temperature used in 
the two cases 

We agree that electron microscopy is a useful tool for 
study of ferrite grain structures when used with the 
technique applied in the discussion. Because of the 
smaller field represented by any one electron micro- 
graph, care must be taken to compare larger fields by 


light microscopy 





Effect of Alloying Elements on True-Stress True-Strain Flow Curves of Pearlitic Steel 


DISCUSSION, J 

G. W. Geil (Nat 11 Bureau of Standards, Washing- 
a Ei The authors state that the degree of ac- 
realized in the experimental determination of 

s likely rather low. This inaccuracy is attributed t 
difficulty in reading the load of the tension machine 
the instant of fracture of the test bars I believe 
another factor which may have added con 

» the inaccuracy in the determination of o 
determination of §,. Fracture of a cylindri- 

a ductile metal tested in tension 
room temperature is generally initiated at the axis 
and rapidly propagates radially to the periphery of 
the necked section. During the propagation of the 
fracture, the metal at the rim of the minimum cross- 
section extend longitudinally and contracts radially 
f 5,, based on diameter measurements 


nsile specimen ol 


+ 


Thus values 





Extent to Which Terminal Points Lay Above 
Below Flow Curve 


Table V 


Deviation, psi Deviation, psi 


0 


1000 
1500 
1500 


0 





TRANSACTIONS AIME 








strain (6) 


Fig. 13—True stress-strain curve for a specimen of 0.3 pct C steel 
in the condition as-quenched from 1575°F and tempered | hr at 
1000 "F and tested in tension at 80 F 
M—values at maximum load. A—values based on diameter measure 


ment at initial fracture. B—values based on diameter measurement 
after fracture 


made after complete fracture of the specimens do not 
necessarily represent the strain at the initial fracture 
Data obtained at the National Bureau of Standards 
with a 0.3 pct C steel in the condition as-quenched 
from 1575°F and tempered at 1000°F for 1 hr and tested 
in tension at room temperature indicated a consider- 
able “rim effect” and as shown in Fig. 13, resulted in 
an apparent increase in §, from 0.90 to 0.98. As the 
fracture strain of this steel is approximately equal to 
those of the steels reported by the authors, it seems 
probable that a similar “rim effect” may have added to 
the inaccuracies in the reported values of §, and ac- 
companying values of E 

R. Raring (authors’ reply)—The authors are grateful 
to Mr. Geil for having called attention to a possible 
source of uncertainty in the determination of fracture 
stress, and they are in agreement with the principles 
upon which his discussion is based. 


and R. W. Mebs: 7 
August 1947 


D. J. McAdam, Jr., G. W. Gei 
1947 72, p. 323; Merats Tecunoiocy 
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effect 
investi 
less than 


in the 
I gation 

negligible, and certainly 
and tempered steel cited by Mr. Geil 
based on the fact that ter ] 
id not consistently lie above 
yf the curve, as does point B 
arked rim 


calculated fron 


hed 


rat 
ation 1s 


rtion ry 
be expected that if a n 


erminal points 


the strain after fracture and the load at the begu 
f fracture would lie above the straight line 

In Table V, the extents to which the terminal points 
removed from the straight line are listed, and it 
an be that more were low 17) than were high 
14), while 10 points were on the « Point B of Fig 
13 is approximately 15,000 psi the extension of 


above 
the Thus only steels Mn 4, Cr 2, Cr 3, and Ni 4 
upw 1 fr the flow 


were 
seen 


urve 


curve 
curve 


ard deviatior 


how a marked 





Transitions 


DISCUSSION, C.S. Be 
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Samar Ham are 
particular pertain 
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ture, it would be expected, would be changed by solid E. M. Pugh, N. Rostoker, and A. Schindler: Physical 
solution alloying through modification of the electron Review. (1950) 80, (2) p. 688 
distribution in the chromium atom by the neighboring T. R. McGuire and Charles J. Kriessman, Jr.: Pitts- 
solute atoms. The transition is still primarily a prop burgh Meeting, American Physical Soc. March 1951 
erty of the chromium atom E. C. Stoner: Reports on Progress in Physics (1946- 
We appreciate Dr. Ruder’s discussion of the results 1947) 11, p. 84 
of susceptibility measurements on chromium which *K. E. Keves: Physical Review (1940) 58, pp. 202- 
were not available to the authors at the time the paper 203 
was presented. It is gratifying that these measurement N. Hori: Bull. Inst. Phys. Chem. Research 
support our conclusion that the transition near 40°C i 1940) 19, pp. 412-423 
not loss of antiferromagnetism. This seems to be con R. M. Bozorth: Review of Modern Physics (1947) 
firmed by the neutron diffraction measurements sul 19, pp. 29-86 
sequently reported by Shull. We agree that precis« M. Fallot: Journal of Physics Radium (1944) 5, p 
measurements of susceptibility and Hall coefficient | 
would be of great value for filling in some of the de W. Sucksmith and R. R. Pearce: Proc. Roy. Soc 
tails of this transition 1938) 167A, p. 189 
E. M. Terry: Physical »w (1917) 9 (2), pp 
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Lattice Parameters of Magnesium Alloys 


DISCUSSION, M l pr ding the more exact treatment 
: At the first reading, it may appear that the author 
_William Wilson, Jr. rmour Researc! URGES has tested all of the lattice mon Bh rs of the relatively 
nicag in his treatment of t voy insoluble group with the assumption that the popula- 
oup of alloying p men = oe ams ulater ons were infinite. Actually, in a novel way, the author 
off Mb Sor gallium ~ ~ aes a p oe . : is corrected the t-values in a way to make this a 
. acne Mecin amen emacs cat cored ignificant basis for comparison. I wonder if, in calcu- 
neat a sea a ; colyaesines lating the standard errors, the degrees of freedom were 
il to indicate a significant lifference, even if OF ynsidered instead of the “N” defined as the “number 
when insuffi ient data are tested. The m«¢ f data points.” 

are also those for which the minimul R. S. Busk (author’s reply)—The minimum in the 
; - F wr the - parameter is obtained by combining the data for the 
woulc desirable to calculate the fiducia a ratio and the a, parameter. The c/a ratio was con- 
coefficient fhe author's data for magr sidered more fundamental and was therefore studied 
individual results f ore exactly. In those cases having a minimum in the 
é wledge of his weighting p! parameter, the equation does not reduce to the value 
8 es regression coefficient ire magnesium at zero concentration. It is there 
a a » calculate the fiducial limt:s evident from this alone that there is a break of 

Although t work of the previous investigator I : 2 : h : 1e a : . 
e type in the curve. If the a, parameter is decreas- 
aminimum in the ¢ — 1g while the c/a remains constant, then the c,. must 


bservations are availab 
pt 
t 


viewed by Rayno indi 


I at 
ing vs. atomic pct curves for indium and thallium 


. . , ) decrease 

» inflection int in ti wrvee for minum and . ; 
an inflection point in the curve fc ra uminu ur The standard errors were calculated by using N 
gallium, the author’s treatment precludes finding the >: ieee Beal 
features of the curves. If a suitable equation for thes 


previous investigations were also tested against t 
data, then the standard errors of the two might ind 





Intergranular Energy of Iron and Some Iron Alloys 


yper, and copper/copper. This gives a value of 595 
9 air ceded . . . ’ ye rT, erg per sq cm for the free energy of the copper grain 
C. S. Smith (| ee d ; “ luabl 2 boundary. Despite this circuitous route and the assump 
author is to be mae _<agempacee 7 ' can Mere _~e nag am tion that the y iron boundary is identical in alloys with 
tion to the extremely meager snsohie Gos | Oe ind without sulphur and does not change between 
face rgies in metallic or on oO 1105° and 1000°C, this figure is in remarkably close 
. a fe wy bor = re i * rows agreement with other values of the copper boundary 

a ~~-fiy : — energy, obtained by equilibration against lead and 


n tl at ary alloy with silicon, carbon, and sul 
pei, = com ' Cc F ll A value f the cor against the free copper surface. It therefore appears 
as in tne 1 r\ u e@ alloy. 2 aiue ior tn OF 


be obtained from the 


DISCUSSION, H.! 


phur 
per grain boundary energy Cal 
author’s data, Tables IV and VI, by utilizing the energy 


ratios of the following pairs of } aces: coppel 
sulphide/copper, copper iron iro! ror ror so that further change has little effect 


either that impurities do not greatly affect the grain 
boundary energies or that boundaries in even nom 
nally pure metals are already sufficiently contaminated 
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DISC! I a } ‘ pare to their straight bounda: 
t h is also clear from Dr 
R. G. Treuting (5 Pele f M therefore well established 
: \ \ ' I t al The idea that the condition fi 
» have a grain boundary as 
ilating, also the evidence 
it or near the corner 
explanation brought f 
greatest ir 


uggestion given there, due 
innealing twin forms in the cort of a growing 


n when the orientation relationships between the 


and the grain’s neighbor lead to a smaller total 
facial energy than do the orientation relations} ip 
veen the grain itself and its neighbors makes it ir 
le understandable: 1—that twin formation is of 
related to “lattice faul grain boundarie« 
h explai why tl same metal 
hout « 
talliz 
twinning 
f the 


Fig. 8—Electron optical ob 
servation of the formation 
of twin lamellae of constant 
width during growth of a 
large crystal in nickel-iron 
foil by “secondary recrys 
tallization” ‘from references 
13 and 14). X25 


1068—JOURNAL OF METALS, NOVEMBER 1951 TRANSACTIONS AIME 





Fig. 9 Pointed” twins (B) formed by “stimulation” by crystal A 
Natural size. Area reduced approximately 40 pct for reproduction 
regard to the lattice of the “sur 
A in Fig. 9 

the occurrence of such point 
be understood on the assumption 
imulated” crystal starts at the 
growing “stimulating” crystal 

its nucleus, which was sup 

gion of the original matrix. In 
observed precise twin relationship 
h crystals, it was thought possible 
elimination” of a set of dis- 

of contact, by mutual annihila 

f opposite “sign” (opposite “sense 


growth 


noment that 


locations) might cause a release of 
contacted lattice domain, which 
» an active nucleus itself 
frequency of such an event would depend 
texture of the matrix, as it would be 


nee of a gr ng crystal to meet 


transformed in 


precise” twin position, which it 

growth agreement herewith it 
that even in the same metal, in this case 
the frequency of such twin formation de 
texture of the matrix and 


experimental facts it was 
frequent twinning in metals 
c. might be due to the ci 
ls often develop in a 

trix wl a fairly pronoun :ed texture, for example 
the cubic texture the case of secondary recrystal 
f annealed rolled foil. Moreover, as we know 

ion these new crystals occupy 

related to the matrix texture by 

) axis normal to an octahedral plane 
yunt f rotation, according to most 

differs from that observed for exact twin 

pt in mind that these data are de 
comparing the positions of the new crystals 
centers” of the pole figures of the matrix. As 


et 


new crystals 


ally show a considerable degree of 


not impossible that the 
r growth repeatedly met 
1 with regard to 
exact twin positions. In such cases, ac- 
o the gestion given here, stimulation could 
a lattice element of the dis- 
texture to in exact twin position with 

the already growing crystal, and so forming 
annealing twil is evident, however, that this 

é m, when occurring in a pronounced texture 
ould lead principally to a family of twins correspond 
trix-texture; whereas, as Dr. Burke points 


jual grair ol I trix, which 


occupy 


thus cau 


» the n 


a 
t, frequently examples of grains with several fam 


ilies of twins are observed 

In annealed rolled aluminun 
Beck and coworkers,” similar orientation relationships 
between matrix and new crystals hold, the fine grained 
t is generally less pronounced than in copper or 
This, I thought, might explain, why, in 
* have in general curved bound- 


where, according t 


exture 
nickKel-iron 
aluminum, the “twins 
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aries (cf. Fig. 9), as contrasted to copper, etc., where 
straight edges are generally formed. In fact, the 
curved” twins in aluminum grow in matrices with an 
only slightly pronounced, or even nearly random, tex 
ture, so that the boundary-orientation relationship be 
tween growing grain and matrix changes from grain 
to grain; whereas in copper, etc., the texture is gen- 
erally far more pronounced, possessing for example the 
cube-texture,” so that growth conditions will remain 
more constant over longer distances. I must say, how- 
ever, that I feel not quite clear with regard to this 
point. In any case, it is a fact that, on recrystallizing 
a deformed aluminum matrix with a pronounced tex- 
ture, obtained by rolling a single crystal, “twins” with 
straight edges are also formed;* whereas, on the other 
hand, the large copper crystals obtained by Cook and 
Macquarie” in cross-rolled copper by “abnormal grain 
growth which has a more random texture than foil 
rolled in one direction only) show many curved bound 
aries 

In order to have a direct test that the frequency of 
twin formation depends upon the orientation relation 
between growing grain and matrix texture, use might 
be made of the method of growing a crystal “round 
the corner,” as applied by Tiedema® for the prepara 
tion of large aluminum crystals with a definite orienta 
tion with regard to the surface directions of the test 
piece (which method is closely analogous to that ap- 
plied by Dunn*™ and coworkers for preparing iron 
silicon crystals with definite orientations): if in a fine 
grained matrix with a fairly sharp texture, we start 
growth of a large crystal at one end by pulling it 
partly through a heating zone, then bend the not yet 
recrystallized part and proceed with the growth of the 
large crystal “round the corner” by now passing the 
whole test-piece through the heating zone, then we 
may expect that the frequency of twinning is different 
at both sides of the “bent,” as the relative position of 
growing grain and to-be-consumed matrix is different 
before and after passing the bent.” We intend to 
carry out this experiment. Of course, in case the above 
expectation comes true, this experimental fact is not 
exclusively in favor of the stimulation” theory; it 
might also be expected on the basis of the views given 
in Dr. Burke’s and Dr. Fullman’s papers 

J. E. Burke (author’s reply)-—I should like to thank 
Professor Burgers and Dr. Treuting for their kind and 
timulating discussior. of my paper. In particular, | 
shoi ld like to thank Professor Burgers-for calling at 
tention to his earlier discussion of thesé two mechan 
isms and to his evidence that parallel-sided twin band 
do not grow in width 

The stimulation mechanism for the formation of 
twins which Professor Burgers has proposed is very 
ingeneous. It might be pointed out that it cannot oper 
ate to form twins during grain growth since the 
strained fragments or nuclei necessary for the mechan 
ism are not present 

On the other hand, in a deformed metal, either the 
stimulation or growth accident mechanism could oper 
ate. An experimental method of deciding between 
these mechanisms would be desirable Professor Bur 
gers suggests an experiment in which the frequency of 
twinning is observed in a grain as its orientation and 
growth direction with respect to a textured matrix is 
observed. Unfortunately, as Professor Burgers points 
out, a change in twinning frequency with texture could 
be explained by either mechanism. In fact, some evi 
dence that the direction of growth influences the in 
tensity of twinning was presented in this 
used to support the growth accident hypothesis. Never 
theless, the results of the experiment will be highly 
interesting and will certainly help describe the condi 
tions necessary for the formation of twins in greater 
detail 

I shouid like to suggest another experiment which 
might possibly allow a decision to be made between 
the two possible mechanisms in the formation of the 
pear shaped “stimulation” grains Professor Burgers 
shows in Fig. 8. The stimulation hypothesis requires 


paper ana 
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To some extent I think the apparent preponderance 
of parallel-sided twin bands is an optical illusion, how 
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Atomic Relationships in the Cubic Twinned State 
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given by the relation 


(p + + )if2 is oda 
p 


> is even 


(pqr) being the plane 

Thus for the face-centered cubic system with twin- 
ning on the octahedral plane (111), = 3. Similarly 
for body-centered cubic twinning on (112), we have 


also = 3. These results are confirmed by the atomic 


patterns given by the authors in which it is demon- 
strated that, parallel to the twinning plane, one plane 
in every three coincides (tw in every six for the 
diamond lattice) 

The concept of 
and analogous to the 
and Treuting, though it explains the 
of the twinned group, does not forecast the position 
of the boundary surface between the twins. To the 
metallurgist, such boundary surfaces present a rather 
exceptional interest in the study of boundary energy 
Thus the authors bring out the fact that the (111 
plane of contact for face-centered cubic twinning, and 
(112) for body-centered cubic twinning, corresponds 
with conditions of minimum distortion of the lattice 
though in both cases the two lattices are symmetrical 


“multiple cell” developed by Friedel 
coincidence superlattice of Ellis 
general stability 


with respect to either a (111) or a (112) plane 
For our part, we have tried to extend this idea of 
minimum distortion in the case of boundaries between 
multiple twins, and the lateral interfaces noted by the 
author 
nan e Ellis‘ presented an extremely 
multiple twinning in a ger- 
manium ingot, and in the following we use a similar 
Thus if a crystal A has two first- 
order twins B, and B, on two different octahedral planes 
then B, and B, are said to be second-order twins. Thus 
I shown that between B, and B, there exists 
necessarily a twin relation with mirror planes (221) 
and (114 Fig relation. In a 
general way, the iedel index of a twin of order 1 


Miller 


paper 


interesting example of 


system of symbols 


shows thi 


determined and from it the indices of 


Thus 


can be 
possible mirror planes deduced 





Order of Friedel 


Twinning neex Mirror Planes 





In their theoretical boundary 
energy as a function of boundary and grain orientation 
Shockley and Read’ have directed attention to the 
special interest of twinned lattices with the consequent 
possibility of realizing boundaries of low energy other 
than the twin plane (energy cusp boundaries). Such 
boundaries or planes of good atomic fit are the lateral 
twin interfaces given by the authors. The number of 
such possibilities is infinite but in practice the surfaces 
of interest are thought to be limited to planes of high 
atomic density Stereographic projections for first 
second, and third-order twinning enable the indices of 
planes which are parallel in the two lattices to be 
determined; and all such planes are lateral 
interfaces of the twin 

In the first place our attention was directed to the 
interfaces of second and third-order twins as it was 
believed that the particularly low energy of the (111 
boundary would tend to suppress the appearance of 
other cusp boundaries in first-order twins. With this 
in mind, we attempted to interpret the crystal orien 
tations in the micrograph of germanium given by Ellis 
The large crystal A (Fig. 6) has contacts only with 
twins B, and B. following the lettering, but we have 
assumed a third contact with B top left hand 


treatment of grain 


possible 
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Fig. 5—Diagram showing first-order twinning between lattices A and 
B, (111), A and B, (111), and the resulting second-order twin 
BB. with mirror planes (221) and (114 


The section shows the (110) plane parallel in all three crystals 

with the multiple cells of Friedel for AB, and for B.B., in thick 

solid lines. The three lattices are shown by solid lines while the 
prolongation of a lattice is marked by dashed lines 


Fig. 6—Schematic drawing to show types of boundary contact be 
tween second-order twins 
B, and B» are first-order twins of A. and C, is a first-order twin of 
B\; BB. and AC, are thus second-order twins 


___-Abs 


{Bs 


pe 


Stereographic projection to fix the orientation of crystal A 


Fig. 7 
in the micrograph of Ellis, from the trace of (111 
between AB, AB., and AB 
The (122) mirror plane of the second-order twin AC, is seen to le 
on the normal to the boundary between A and ( Selid triangle 
Itt) peles of crystal A Solid square in triangle 1il) twin 
plane for B.« 


twin planes 
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} 


shown in Fig. 8, taken from a copper sheet 
which had been elongated 1.5 pct and then 
at 900°C to obtain large crystals, after the 

»f Carpenter and Tamura The large crystals 

tained are not immediately evident as they are 

st always subdivided into a system of multiple 
twin The size of the individual twins was too small 
for convenient examination by the Laue method, but 
the problem of determining orientations was consider- 
ably simplified by forming a thin sulphide film” on the 
As grains having a given crystal plane 

allel to the surface develop the same interference 

? 


pal 


color, we preferred examination in polarized light be- 
cause only tl grains of the same orientation (in 


three are similarly colored (see Fig. 9) 
precise determination of orientation 
as necessary to choose grain groups 
one grain had accompanying twins 

the trace of three different (111) planes 

tereogram of Fig. 10 has been constructed in 
this way making use of the (111) twin boundaries be- 
tween AB iB., AB, The orientation relationships 


be represented 


Multiple twinning in copper sheet specimen recrystallized 
after a small permanent extension 

and B are first-order twins of A. while C, is a first-order may 1 

B (or third-order twin of B.). Note the point of conver 

ence, F. of the four crystals, A, B,. B., and ¢ Xf BR os 


B 


second-order 

well as the 

rograph shows a 

phe! I n whi I Vpl n } sense 
ir frequently 


rfaces 


planes. Whene 
the magnif i, it is of cours¢ 
termine the cr al surfaces involved 
plane surfaces have nevertheless been 
which we mention particularly 
becaus its frequent I 
boundary mentioned specif 
exact coincidence 
though apply 


atoms 1e to the diff 


c density for the two plane 
urface between first-order twins 
in plane but a number of 
served. Thus a boundary 
was apparently curved 
ies of small steps 
magnification. One such example taken 
in aluminum is shown in Fig. 11 
‘inally, an example is shown of four boundarie 
in a single point. As this point of convergence 


served after several successive polishing op- 


> at 


Micrograph of copper carrying o thin sulphide film for recognition of grains of the same orientation by examination in 


polarized light between crossed nicols. X60 
Owing to the difficulty of reproducing colored photographs, Fig. 9 was replaced by two black and white photographs of the same grain 
croup as seen in ordinary and polarized light. Difference in contrast is apparent but the wider variety of tints and color sensitivity 
cannot be appreciated 
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erations, it is deduced that the four surfaces must 
meet in a row of atoms. Knowing that three of the 
four surfaces are in fact (111) twin planes, it becomes 
evident that the row of atoms corresponds to a [10! 
direction which is the zone axis to the three (111) 
planes. Such an arrangement can therefore only occur 
when the third-order twin between C, B, is of the type 
with mirror planes (511) (255); and not for the 
alternative (721) twin 

As already noted, our observations were made on 
specimens which had been recrystallized and thor- 
oughly annealed, suggesting that such structures are 
comparatively stable That the boundary between 
first-order twins so often consists of a series of dif- 
ferent plane junctions, which meet in an edge row of 
atoms, is an interesting confirmation of the theoretical 
forecast by Shockley and Read” that certain boundary 
positions produce cusps in their energy-orientation 
curve 

Without specifying any precise mechanism of twin 
formation, it seems nevertheless probable from 
morphology of multiple twin groups that 
irst-order twins are generated directly from 
mary crystal A, second and higher order twins 


P Su fs, 
sy {Oe 


v 
Reference Axis 


Fig. 10—Stereogram constructed from the traces of twin planes 
AB, AB., and AB, of Fig 8 
Selid triangle— (ltl) peles of crystal A. Open circle in triangle— 
tit) twin plane of firs: order twin B,C Selid circle—Mirror planes 
114) and (221) of the second-order twin B\B,. Greek cross—Mirror 
planes (115) and (552) ef the third-order twin C\B Selid square— 
direction (101! commen to the four crystals, A, B, By, ¢ 


incidental result of junction between two such twins B 
and B 

In the latter case, the junction surface may or may 
not have any special orientation as demonstrated by 
the scheme of Fig. 6. Whether such boundaries can 
move to some other position, representing lower en- 
ergy, is not known but is now being studied. This 
question has already been studied in some detail by 
Dunn and coworkers“ for the body-centered cubic 
system (iron-silicon) 

W. C. Ellis and R. G. Treuting (authors’ reply)—The 
discussion of Messrs. Whitman, Mouflard, and Lacombe 
is a valuable addition to the paper, particularly appre 
ciated in that it offers experimental evidence in sup 
port of the thesis projected by the authors. We are also 
grateful to the discussers for making available in Eng 
lish so concise and illuminating a résumé of the earlier 
exposition of coincidence sites and multiple cell struc- 
ture in twinned lattices by Friedel. This reference, we 
regret, was overlooked 

Professor Lacombe and his colleagues are entirely 
correct in their deductions of the correlations of twin 
relations and interface traces in the micrograph in an 
earlier paper* by one of the authors. X-ray evidence, 
not included in the earlier paper, attests to this con 
cordance. The straight portion of the second-order junc 
ture trace, A-C,, is consistent with a {221} plane, one 
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Fig. 11—Boundary between twinned crystals of aluminum, apparently 
curved at small magnification, but resolved into a series of steps 
parallei to different crystal planes 
The boundary appears thick under the oblique illumination used 
because the twin plane lies almost parallel to the surface. X2000 
of the mirror planes of regions A and C,. We had been 
discouraged from making a point of this, however, 
since the A-C, juncture appears curved at low magni- 
fications over a considerable portion of its extent. The 
curved portion conceivably may consist of distinct 
crystallographic segments to be revealed only by very 
careful surface preparation and examination at high 
magnification. This is an attractive possibility; but we 

have not yet made such examinations 

The discussers have added a welcome reference (ref 
erence 10) to the occurrence of twins in semicontinu 
ously cast aluminum. We do not think that this seri- 
ously weakens our suggestion that the diamond cubic 
structure is particularly favorable for twinning, but 
rather strengthens it. The aluminum ingot referred to 
appears to be made up in the central portion of long 
parallel natural grains or crystals each of which is 
twinned. The slice from the germanium ingot, how 
ever, consists entirely of regions in multiple twin rela- 
tionships. This multiple twin relationship has more 
recently been confirmed throughout an entire ingot and 
may quite confidently be presumed general 

In the course of follow-ng the interesting deductions 
of Professor Lacombe and his colleagues with respect 


Fig. 12—Stereographic projection constructed from traces in Fig. 8 
to illustrate types of coincidence at lateral twin boundaries 
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Fig. 8, we have recon 

representation of their Fig 

normals to additional boundary 

sured on the micrograph. It i 

B, and B, from A 

70°32 each about 

is the conserved | 

nted out in discus 
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hich appears fairly 
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could be 
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experi 
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only 
of the 


but this is the 
sistent 
bv hin 


pair of low-indexed planes con 
with any lateral twin boundaries observed 
that second and 
incidental junctures be 
tween directly generated first order and successive first 
not to be contradicted by the evidence for 
copper here presented. The case for germanium 
be different: here all orientations in the ingot seem 
interrelated through sequences of twinning. It is not 
that in the diamond cubic lattice second 
igher orders of twins are formed simultaneously 
direct in the of solidification 


The statement by the discussers 


higher order nterfaces are 
wders is 


may 


nconceivable 


sequence course 
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Fig. 3—Resistor used in a zinc furnace 


The Arsem furnace is another typical exam- 
slotting a graphite resistor. The novelty claimed 
does not reside in the resistor, but in its use for a 
specific purpose and in the solutions of technical prob 
concerning its application Professor Decroly’s 
would probably not perform too well in the 
high temperature zirconium carbide furnace because of 
poor contact resulting from the use of plates and high 
caused by the high resistance. The split rod is 
less sensitive, offers better contact opportuni- 
ties, and has a sufficiently low voltage to prevent arcing 
in the slot, a very important item when considering the 
high temperature involved 


ems 


resistors 


voltage 


mpler 
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Ignition Temperatures of Magnesium and Magnesium Alloys 


DISCUSSION 
E. Leontis (The Dow Chemical 
This paper is of particular interest to me be- 
Rhines on the oxida 


few year 


lidland 


my own work with F. N 
and magnesium alloys a 
complimented on their de 
and reproducible technique 
on their con 


on of magnesiun 
The authors are to be 
pment of an accurate 
1Or neasuring ignition 
tudy of the 


perature of magnesium 


temperatures and 


rrehensive many iables that affect the 
ynition ten 
It is indeed gratifying to see that they 
between ignition temperatures and 
The correlation is 


have obtained 


a good correlation 
2108S reported by us 
with composition within one alloy sys 
systems; that is, alloying 
increase in oxidation 
ignition 


the oxidation r 
valid not only 
tem but also 

ments which effect the 
rate als produce the 
temperature 

Th 
comment 


ture data, one must be 


between alloy 


greatest 
greatest decrease in 
ere are a few points upon which I would like t 
In attempting to correlate ignition-tempera 
that the same definition of 
this quantity is used by all investigators. It does not 
that such is the case in the authors’ 
parison of their data with the theoretically calculated 
values of Eyring and Zwolinski. The equation derived 
by these investigators defines the ignition temperature, 
T as the gas/oxide interface 
whereas the present authors use the metal tempera 
ture as the criterion for ignition. The contradiction ir 
the effect of oxide-scale thickness on ignition tempera 
ture between the predictions of the Eyring-Zwolinski 
observations reported in this paper 
been taken into 
geometry and size 


type 


sure 


appear to me con 


temperature at the 


and the 
that some variable has not 
consideration. Could that be the 
the specimen? There is a marked difference 
of specimen used in this investigation and that used in 
our work which formed the basis of Eyring and Zwol 
inski’s theoretical treatment. Another factor which 
plays an important role in ignition is the vapor pres- 
the rate of vaporization. Combustion can safely 
place in the vapor phase by the 
vaporized magnesium and 
a more accurate theoretical analysis 

on the basis of the vaporization whi 

the controlling rate of the 

effect of a large number of alloying elements on 

the ignition temperature been reported in this 
paper, but beryllium was not included. Practical ex 
perience dictates that beryllium markedly 
the burning tendency of magnesium. I was wondering 
he effect of beryllium u 


equation 
indicate 


in the 


sure or 
be assumed to take 

between oxygen 
may be 
rate of h 


process 


has 


decreases 


f the 


their 


authors plan to study the 
future work 

The authors predict that concentrations of sulphur 
dioxide in the furnace atmosphere than 
would be expected to increase the ignition temperature 
to values still higher than those they measured. I would 
mention that large concentrations of sulphur 
markedly increase the rate of combustion of 
magnesium once ignition has started. Although it has 
been shown in the paper that the ignition temperature 
of magnesium in oxygen with 
sulphur dioxide content up to about 1 to 2 pct, in prac 
tice relatively low-melting commercial cast alloys 
AZ63A and AZ92A) are being continuously heat treated 
just below the melting point in air 
0.75 pet SO 


greater ».8 pet 


like t 
dioxide 


increases increasing 


at temperatures 
containing 0.5 t 

In regard to the in color of the oxide scale 
observed on magnesium and magnesium alloys just 
prior to ignition, I would like to mention that in our 
work alloying elements were found to color the usually 
magnesium oxide even though ignition did not 
For example, the oxide formed on Mg-Al alloys 


change 


white 
occul 
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was gray, increasing in intensity with aluminum con 


tent in the alloy 

Finally, I might 
their source of the value 
if MgO as it is formed on mag 
at elevated temperatures 

W. M. Fassell, Jr. (authors 
by Dr. Leontis are very excellent 
tempt to answer them in order! 

First, the problem of ignition of 
difficult one since many factors are involved 
comparison of the T, in the Eyring- 
Zwolinski equation, eq 4, with the experimentally de- 
termined values, it will be noted that the calculated 
and experimental values of the ignition temperature 
in Table I are not self-consistent. In the case of the 
1.78 pet Al-Mg alloy the calculated value is 49°C below 
the experimental value; for the 3.81 pct Al-Mg alloy, 
122°C below the experimental value; for Mg with 5x10 
cm film, 19°C above the experimental value; for Mg 
with 2xl10° cm film, 28°C below the experimental 
value. Thus, if it merely a matter of difference 
of location of temperature measurement the calculated 
ignition temperature would always be below the ex- 
perimental value, the difference being due to the 
thermal gradient through the oxide film 

The thermal gradient in the mag- 
nesium metal must be considered. From Carslaw and 
Jaeger,” it can be shown that the maximum tempera- 
gradient that could exist between the oxide-metal 
and the center of the sample is of the order 


suggest that the authors indicate 
of 0.8 g per ce for the density 
ynesium upon oxidation 


comments 
will at- 
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ones and I 


magnesium 18 a 


rather 
Concerning the 


were 


possibility of a 


tur 
iterface 
0.01°C 
The and size of the specimen could cer- 
inly have effect on the ignition temperature 
The equation for ignition that has been proposed in 
f the following typ« terms 
this and other factors 


geometry 
SOTTIE 
reference 14 is containing 


it for 


where AH is the hea’ of reaction, v(T) is the velocity 
f the reaction at temperature, Cp is the heat capacity 
sample, A is the area of 
é time is the total coefficient of heat 
transfe1 the reaction zone, Ty» is the 
temperature of the bath or furnace, and AH, is the 
heat associated with any phase change involved. Prior 
to the instant of ignition, the vapor pressure of 
nesium is of no special significance. After ignition, 
neither eq 4 nor the applicable 
The actual combination of 1 
assumed to take place in the vapor 
While experimental data is 
hypothesis that ignition does or 
observation on the pressure 
experiments may be of interest. At high oxygen pres- 
ignition has occurred, the reaction of mag- 
xygen approaches near explosive vio- 
sample being consumed in probably 
less than 1 sec. At atmospheric pressure it usually re- 
15 to 20 sec. Thus it appears that the oxygen 
becomes the rate determining factor 
magnesium is observed through 
Super-Visibility Shade No 
much hotter than 


of sample, M is the mass of 
ur ple tr is 


outward 


mag- 


above 
nagnesium cannot safely be 


equation is 


phase 

lacking to support a 
does not occur in the 
vapor phase, some ignition 
once 
with 
lence, the entire 


sures, 


neslum 


quires 
concentration 
Further, if burning 
darkened glass (Lincoln 
12) the magnesium sample is very 
the “smoke” and the outline of the sample is retained 
perfectly. No “flame” is visible above the metal 

No work was done on Mg-Be alloys. We do, how- 
ever, intend to study this problem in the near future 
Jaeger: ( Heat in Solid 


H. S. Carslaw and J. ¢ i 
larendon Press 


Oxford (1947), p. 275, eq. 2. ¢ 
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id AZ92A Mg alloys, I as- solidus and liquidus temperatures hus it is under- 
them a solution heat treat- standable that no difficulties are encountered 

conducted just below the The value of 0.8 g per cc for the density of MgO as it 
on in composition range of is formed on magnesium upon oxidation was calculated 


oxygen between the from reference 1, Fig. 16 





Mechanical Properties of Stainless Steel Powder 


Com 
pacting 
" . Pres Pressed Sintered Hardness 
he 18-8 stainless steel powde I Powder sure Density Density Rockwell 
and Roberts and the results were Fraction tsi 5 percm & percm t 
V r was compacted and sintered in 
ydrogen to a very low density (approximately 
1d more porosity). Where the other powders 
little ductility when sintered to such a low 
described stain s steel was surprisingly 
[ ciate it if the authors 
lar powder but with 
1inless steel powder 
Inc., Bay- 
to verify the excellent re- 
and Roberts with their pre 
jer. It seems to me, how 


I have no tensile data to present, but I feel that it is 
not too optimistic to expect that unusually high tensile 
strengths and good ductility can be obtained in this 
onservative and that even sintered material on the basis of the density and hard 
le trength can be ob ness data 
the selection of proper The sintered stainless steel made by the above-de 
scribed methods came out of the furnace very bright 
i nterin and clean. The purified hydrogen atmosphere is in 
by Vanadium- portant in sintering stainless steel to reduce the oxide 
present in the powder. The result of such a sintering 
good densification and good ductility of the sintered 


ide | adi 

about % in. high in 

die without the use of lubri 
ntered for 1 hr at 2370°F in product 

ssing it through a Deoxo unit G. A. Roberts (authors’ reply)—We are greatly in 

a Lectrodrver debted to Messrs. Hausner and Kalish for their dis 

tained using the as-received cussions of our paper Their encouraging remarks are 

it 40 tsi was quite high as was ly appreciated and their confirmatory data will 

that bv increasing the sin do much to add to the value of the paper. At the 

ve 2350°F the coining present time it is impossible to provide complete data 

operation can be on a similar stainless steel powder without silicon, but 

we do know that, in general, the properties are slightly 

ver. very much i or. Data on such a powder and on other stainless 

1igh hardness steel types are to be published in the near future 





of Sintering of Copper Under a Dead Load 


I want to call the attention of the authors and others 

interested in sintering under load to the experimental 

Electric Products I Bay- york described by Dawihl and Rix.’ These authors 
thors ar intered cylindrical compacts under a lengthwise ten 


he authe 
] f 5 found that the shrinkage 


contribute some information ional load of 0 to 25 g and 
ng and also because of a n length and diameter changes considerably with the 
manufacture of powder load, but that the volume shrinkage is affected very 

n. Pressed powder com little by the load 
i in a boat in several layers H. S. Cannon (authors’ reply)—We wish to thank Dr 
intered under Hausner for calling attention to the experimental work 
and, therefore, are of Dawihl and Rix. The fact that they found volume 
information shrinkage little affected by varying tensional loads 
nining the effect during sintering seems to support the contention that 
experimental setup of the forces due to loading are equivalent to and additive 
disadvantage—that the to the forces which cause densification. This contention 


irical container so that is the basis of our comparison of sintering and creep 
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AIME Dues Bills To Members 
Staggered To Facilitate Handling 


AIME dues are being sent out fron of each is correct, which takes some time in the aggre- 
by alphabetical groups in the gate. Also, the proper crediting of dues payments from 
i951. With the exception of the same number of members is a job of no mean mag 
mbers whose names nitude, which can be accomplished much better if 
nailed their state hecks are received over a period of several months 
in November K The statements are made out with the assumption 
Q” through “Z hi ach member wishes to receive the same publica- 
Branch member ( il aid in 1951. If not, the member 
Id correct the bill accordingly. Transactions vol 
are billed to members at $3.50 each; annual sub 
iptions to one or both of the monthly journals in 
addition to the member's primary choice are $4 each 
l Members are urged to return the complete bill in 
promptly and to naking remittances. When payment is made through 
the despatch of 1952 put ‘ ompany or bank this is particularly necessary to 
20,000 bills must, of cours¢ fy the person to be credited, and the coverage of 
ful check t ee that the amount } avment 








nembership is unnecessary. Official announcement of 


Engineering Societies Library the elections of those whose names were published in 


the July issue of JoURNAL OF METALS will be made at 

Reports 25 Pct Increase In Income the Nov. 14 meeting of the Executive and Finance Con 

The report of th ngineering Societies Library ttec 
ve \ 1950 to Sept. 30, 1951 
e from searching 


int By-Law Changes Approved By Board 


ncon 
nicrofilm copying over la 


t much : All changes in the bylaws published in the August 


sue of JOURNAL Or METALS, weie voted by the Board 
of Directors at their meeting on’Sept. 12 and became 
immediately effective. The only change made from the 
printed version is the addition, in Art. I, Sec. 8, of the 
phrase “without payment of registration fee” immedi 
ately after the words and be privileged to attend 
eetings of the Institute.” In other words, no registra 
tion fee may be charged to Student Associates at any 
AIME meeting. Other changes voted include: Grant 
ing a credit on the initiation fee for Member or Asso 
Member of $2 for each year of continuous and 
continuing AIME member hip as a Student Associate 
or Junior Member tandardizing the annual dues of 
Student Associates at $4.50, including an annual sub 
to a journal; and extending the 33-year age 

Junior Membership for those who have been 


litary service following World War II 


number! 


to 16,783 


replaced 
nont! 
of the 


Canadian Institute Ups Dues 


A 33 1/3 pet increase in dues has been voted by mem 
bers of the Canadian In of Mining and Metal 


AIME Officers for 1952 Election ee pre wc ine Ay geen Pea Mce 


embers and Associates, and for Junior 


mentary nominations for AIME officers for and Junior Associate except that a Junior Member 
r 1. the non may pay $5 f the 3-year peri immediately follow 


No suppler 
2 havir been received \ ptembe ia 
graduation from an approved school. The vote was 


140 for the increase, and 61 against 
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Members Urged To Participate 
In Local Civil Defense Activities 


The announcement that Ru s tested he! 
‘ } ' rpi oO many governn 
American publi 

ire reluctant t 


pos 


second 
ent 


igainst the 


these shores 


Geological Congress Announced 


rhe First Circular concerning the 


( re t eid 


n Algiers 
AIME, |} 


J.F. Myers To Receive Richards Award 


J. F. Myers, 


conferred at the Institute 
Award 
unmis 


1952. The honor will be 
Annual Banquet, February 20, in New York. The 
“achievement in any form which 
furthers the art of mineral dressing in any of 
Jack has long been active in AIME 
Chairman of the Minerals Beneficia 
He is currently a member of the Board 


recognizes 
takably 
its branches.’ 
affairs, and 
tion Div. in 1948 
of Directors 


Please Specify Branch Affiliations 


When notifying AIME headquarters of a change of 
address, or of company position or affiliation, please 
nention the Branch of the Institute to which you be- 

g—Mining, Metals, or This will make 
for a more expeditious handling of the change and will 
f the preparation of various reports 


Petroleum 


facilitate 


DeGolyer Elected Honorary Member 


Everette Lee DeGolyer was elected an Honorary 
Member of the AIME at the meeting of the Board of 
Directors on Sept. 12. Dr. DeGolyer brings the roll of 
living Honorary Members up to the limit of twenty a 
provided by the bylaws. He was President of the AIME 
n 1927 following a six-year term as Vice-President 
For years he has headed the firm of DeGolyer & Mac 
Naughton, in Dallas, practically all members of which 
have been active in AIME affairs. In 1940 Dr. DeGolyer 
Anthony F. Lucas Gold Medalist. The formal award 
vill be made at the AIME Annual Banquet at the 
Waldorf in New York, Feb. 20, 1952 


vas 


Cooley Joins Publication Staff 


Charles M. Cooley, assistant chief engineer of the 
Climax Molybdenum Co., Climax, Colo., has been er 
gag assistant editor of MINING ENGINEERING. Mr 
Cooley reported for duty early in October. He received 
a degree in metallurgical engineering from the C 
of Mines and Metallurgy of the University of Texas at 
El Paso (now Texas Western) in 1947, and was presi 
dent of the school engineering society. He first worked 

ith C Fuel & Iron at Pueblo befor oining 


ix 3*2 years ago 


ed as 


ollege 


slorado 
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JOHN W. HANLEY 


Allen H. Engelhardt has assun th st of manage! 
I the Cerro ¢ asco and will be 


smelting, and 


f operations for 
the corporation 
rations in Peru ing A. Russel 
s to undertake nev head office 
rk. John W. Hanley, superintendent of 
d refineri« f the Cerro de Pasco Corp 
as been appointed assistant manager 
operations succeeding Mr. Englehardt 


Lloyd R. Jackson ha een named an assistant director 
of Battelle Men Institute Columbu and will 
handle research coordination. Before joining the Bat 

staff in li was a member of the researct 


taff of the Jones & Laughlin Steel Corp 


‘ 


Kenneth H. Gayle, Jr. has been elected president of 
Ingalls Iron Works C Birmingham, Ala 


Robert M. Lloyd has been elected vice 


naterial l 5. Steel Cx 


George D. White has been appointed ass 
irgist by the Oak Ridge National Labs 
Tenn. Wimmer J Leonard 
ind Lee S. Richardson 


Zimmerman 


neer in the coal 


R. P. Bremner has b« 
president in charge 


Sheet & Tube C 


M. W. Barlow has resigned from his position a 
! f British Electr Metallurgical Co 


Sheffield. He ha oined Foundry Service 


anager 


nanager of the newly established ferro alloy 


Richards H. Harrington, for 
Electric C as a researc! ; 


Te¢ 


William S. Unger ha 
Chairman, Combined Steel 
U. S. Dept { State 

tion of the Germar 

R. W. Cahn | 

‘ ‘ Birt 


ator c ene 


P. J. Cutting, 
ie I 


tional C 


ALLEN H. ENGELHARDT 


D ersonals 


LLOYD R. JACKSON 


Robert F. Schmidt has been transferred to the Ajax 
netal div., H. Kramer & Co., Philadelphia 


Ernest W. S. Ward is now associated with the Rhokana 
Corp., Ltd., Kitive, Northern Rhodesia 


Malcolm F. Parkman has accepted a position with 
Titanium Metals Corp., Henderson, Nev., as shift fore 

man. He had been associated with the Combined Metals 
Reduction Co 

Forbes Wilson is with the Freeport Sulphur Co., New 
York. He had been with Rising & Nelson Slate Co 

Inc., West Paulet, Vt 


John E. Bowenkamp has joined the Freeport Sulphur 
Co., New York 


Thomas L. Hurst has joined the research dept. of Mon 
anto Chemical Co., Anniston, Ala 


John Naylor has been appointed field engineer on the 

construction of a new hydroelectric plant on the east 

ern slope of the Andes for Cerro de Pasco Corp. He is 
cated at Carhuamayo, Peru 


Charles H. Maak, formerly with Aerojet Engineering 
Corp., Azusa, Calif.. has been made standards metal 

ist for Sandia Corp., at the Sandia Base, Albu 
N. Mex 


Bleecker L. Wheeler has been elected a vice-president 
4. Armstrong & Co., Inc., New York 


querque 


o! George 


John E. Groves has been appointed director of indus 
trial relations and Ralph L. Ostrander has been ap 
pointed manager of labor relations, Allegheny Ludlum 
Steel Corp., Pittsburgh 


been appointed executive engi 
N. Y. plant of Worthington 


H. V. Rasmussen has 
neer at the Wellsville 
Pump & Machinery Corp 


Dennis Ord has joined Sam Tour & Co., New York. He 
vill be located in the research and development lab 
ratories and will specialize in the chemical analysis of 
titanium and titanium alloys 


Eugene D. Seraphine has joined the Engineering Man 
power Commission of EJC in the capacity of assistant 


executive secretary 


Joseph W. Gray has been appointed division metal 
lurgist for wire at the Joliet, Ill. works of American 
Steel & Wire Co 


Phillip R. Kalischer, metallurgist and 
engineer, has been made associate editor 


Vet M ling 


NOVEMBER 1951, JOURNAL OF METALS—1079 





Charles F 
f Atlanti 


Pogacar has joined the 
Refining Co., P! 
Edgar A. Rodruan chief 
Mfg. Corry Marietta, Pa 

Henry M. O'Bryan ha 
pl ‘ iboratorie > 


N. Y. He 


lade ly nia 


for D 


been appointed manage 
Electri« 
Serving as 
etary of t Research & Devel 
Washington, D. C 
John D. Paulus has beer 
lations for Jones & Laughlir 
Leonard Mark Bianchi 


ctric Research L: 


Donald E. Nulk resident 
Solar Aircraft Co., Des Me 


yivania 


Ba it had been 


ve ec! pment 
appointed director of 
Corp., Pitts 
ociated with the 

Schenectady 


steel 


Doyle Geiselman | 


Corp., a powe! 


George 


W. Wunder, N 
Stanley Garfinkel ha 
‘ for the St * 


B. R. MacKay, 


~T 


Barr 


( 


Gordon W 


W. E. Sands 
k Rock M 
Max Hansen, 


Carl Swartz, w 


; 
‘ 


James Boyd, 
Mine 


metallurgical 


Products, 
assistant execu 


staff 


onegal 


of the 
Inc 


Board 


public 
burgh 
Gen 


N. Y 


netallurgist for 


G. Stanley Fergin, development engineer, Kaiser 
& Chemical Corp., has been transferred 

Mead works reduction plant, Spokane. He was 
merly affiliated with the metallurgical research « 
Trentwood 


minum 


Douglas Alexander has been awarded a Mond 
fellowship. These awards enable the 


and gain experience in some chose 


recipient t t 


metaliurgical fie 


Alu 


Nickel 





Obituaries 


Morton T. Pawel (Member 1944) died on July 


Mr. Pawel was born at Clearfield, Pa. on Se pt. 13, 1920 


In 1941 he 

Cornell University and 

search laboratory the 

Morris, Tenn. He remained here for 
ar and then did re 

arch laboratory at 

1942 he was 


laborator 


degree of AI nistry 


then joined 


received the 
mineral 
Valley Author 


approximate 


the 


Tennessee 


earch work on nickel for 
Muscle Shoal 
work at the 

rk at Oak R 
ards on uranium extract 
juring World War II 
mploved by the Dort 


erais ress 
TVA. In 
of Mines ies and also did w 
ind the Bureau of Stand 
Mr. Pawel w: rms 


Westport, C 


engaged ir 


NECROLOGY 


Date of 
Death 


Date 
Elected Name 
1909 Robert M. Bl: 
1923 Walter Lyn 
1918 Alfred Copeland Caller 
1948 A. F. Connell 
1945 John F. Gallic 
1900 Leonid Glenr 
1940 


19 


S.P 
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lowa 
Massachusetts 
Michigan 


New Mexico 


Ohie 


Pennsylvania 


Tennessee 


Canada 
Egypt 
Japan 
Scotland 


Sweden 





Western 


ure wh 


To serve the 


of 


to be moved 


telephone subscribers millions 


telephone have 


sets 
each vear. Before being put back into 


service most of them are returned 
to the Western Electric Company's 
Distributing Houses where they 


receive a thorough check ip. 


Western Electric engineers needed 
a rapid method of testing trans- 
milters over a range ol frequen ies. 
At Bell Telephone Laboratories, 
had 


technique they had devised for 


scientists just the thing—a 


fundamental research on trans- 


mitters. In co-operation with these 


changing needs of 


Electric 


h is swung 


{re 


ismiltter 


employee mounts a transmitter 


down to face an artih 


ust as transmitters are held i 


8S are tested each year 


Western 


neers developed the practical tester 


scientists, Electric engi- 


in the illustration. 


The transmitter is removed from 
the handset and put in front of an 
artificial mouth which emits a tone 
that swings several times per second 
over a band of frequencies. A signal 
lamp tells whether the transmitter 
is good. Each test takes 5 seconds. 

This 
Bell 


Western Electric manufacturing 


new tester illustrates how 


Laboratories research and 
skill team up to maintain your tele- 
phone service high in quality yet 


low in cost. 


BELL TELEPHONE LABORATORIES 


© EXPLORING AND INVENTING 


CONTINUED IMPROVEMENTS AND 


DEVISING AND 
ECONOMIES 


PERFECTING FOR 


IN TELEPHONE SERVICE 








*Two good words to aptly describe the operation of a Salem 

flexible* Rotary Hearth Heating Furnace at work in you plant 
Whether your hot-metal opérations include piercing, forg 

ing, or rolling ferrous or non-ferrous metals, your automati- 


controlled Salem Rotary will flexibly and accurately 


* 
accurate" =<! | 
idapt itself to large variations in heating and tonnage rates 


for change- 


thus maintaining economy despite downtime 
OV oreovel youll re 
duce sf le loss simplify ha idling ind Save money on labor 
ind maintenance. For greater yield at lower cost, you should 


g a Salem Rotary. Write to us 
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Salem - Brosius, Inc. Salem, Ohio 

Pr 

_.. wddiiates: Brosius Division, Pittsburgh 15, Pa. 

Ltd., Milford nr. Derby, England; Salem Engineering (Canada) Ltd., Toronto, Canada 
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